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ABSTRACT
Fourteen cucurbit species of unknown susceptibility representing 12 genera were
inoculated with Stagonosporopsis citrulli in Charleston, SC, in spring 2015, spring 2016
and fall 2016 to evaluate their level of susceptibility to gummy stem blight and the ability
of the pathogen to reproduce on crown cankers. Coccinia grandis was highly resistant to
gummy stem blight. To the best of our knowledge this is the first report of susceptibility to
gummy stem blight of 14 species, which expands the host range of S. citrulli to 37 species
representing 21 genera in the family Cucurbitaceae. Crown cankers were found to be
important reproductive sites for S. citrulli.
A survey of foliar pathogens of watermelon based on two-stage cluster sampling
was conducted on 60 commercial farms in South Carolina from spring 2015 to fall 2017.
The influence of environmental and management factors on the occurrence of foliar
pathogens was analyzed. Estimates for the statewide probability of pathogen occurrence
on symptomatic leaves were obtained. Six fungal pathogens, an oomycete and three viral
pathogens were identified. With the exception of fall 2017, Stagonosporopsis spp. was the
most prevalent pathogen in every season followed by P. xanthii. Myrothecium s.l. was the
most common pathogen in fall 2017. In fall 2017, the third most common pathogen was
Corynespora cassiicola. Eight of 80 isolates of Stagonosporopsis spp. were identified as
S. caricae, the rest as S. citrulli. This is the first report of C. cassiicola, S. caricae, and
Myrothecium s.l. on watermelon in South Carolina. There was a consistent increased
probability of occurrence of Stagonosporopsis spp. in fields with a previous cucurbit crop,
increasing probabilities of pathogen occurrence with increasing plant age, a lower
probability of occurrence of some pathogens on triploid cultivars compared to diploid
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cultivars, and a decrease in probability of pathogen occurrence in fields aligned towards
southwest or west.
Six species of Stachybotriaceae were identified in a collection of 95 isolates
obtained from 11 fields in South Carolina using Bayesian inference based on combined
sequences of four partial gene regions. Two species, Gregatothecium humicola and
Paramyrothecium foliicola were the predominant species found. Within these two species,
genetic differences within small spatial scales were detected. In pathogenicity tests the two
predominant species were the most virulent on watermelon. Cowpea plants were less
susceptible than watermelon and tomato plants, which were equally susceptible. This is the
first report of pathogenicity of five of the six identified species of Stachybotriaceae on the
three tested vegetable crops and of X. tongaense on watermelon.

iii

DEDICATION
Mit jedem Buch, ob ernst oder heiter, wird man von Tag zu Tag gescheiter.
„Every book, whether serious or light, makes one smarter from day to night.“

To my parents who instilled character into me, sparked my curiosity and have
made me who I am.

iv

ACKNOWLEDGMENTS
First and foremost, I want to express my immense gratitude towards Dr. Anthony
Keinath who helped and guided me through my Ph. D. with patience, curiosity and
expertise. His support in all situations of graduate school and wealth of knowledge was
invaluable. I could not have asked for a better, more experienced mentor and will count
him as a dear friend for the rest of my life.
Dr. Patrick Gerard was essential to my project on foliar pathogens of watermelon
in South Carolina. His class in sampling laid the groundwork for my understanding of
survey sampling, which I applied throughout the project and will benefit from for many
years to come. I am also grateful for his guidance in many other issues of statistical
analysis.
I thank Dr. Julia Kerrigan and Dr. Guido Schnabel for the time and effort they
invested in serving on my committee. Their feedback and input were very helpful and
improved my research.
I want to thank everyone who has worked in the Keinath lab throughout my Ph.D.
for helping me with field work and sample collection and processing. Especially Ginny
DuBose provided continuous support throughout my time in Charleston. Sean Toporek was
a great office and lab mate to have and I value the many inspiring discussions we had about
our research and beyond.
Sharing a research building with USDA researchers and personnel greatly enriched
my experience and I want to express my gratitude to all of them. I especially thank Dr. W.
Patrick Wechter and his technician Melanie Katawczik for letting me use their lab for
molecular work and advising me on related issues. They were very welcoming and taught

v

me a lot. It was a joy to work around them. The lab of Dr. Shaker Kousik and his technician
Jennifer Ikerd was always open to me and I appreciate their kind help with countless tasks.
It was a great opportunity to collaborate with Dr. Kousik on two small side projects.
Finally, I owe thanks to the Agricultural Society of South Carolina for awarding
me the Thomas Heyward Jr. Fellowship. Their support was the foundation that made my
Ph.D. at Clemson University possible. I enjoyed sharing my research results with them at
various events at which they showed an inspiring passion to promote agricultural research.

vi

TABLE OF CONTENTS
Page
TITLE PAGE .................................................................................................................... i
ABSTRACT ..................................................................................................................... ii
DEDICATION ................................................................................................................ iv
ACKNOWLEDGMENTS ............................................................................................... v
TABLE OF CONTENTS ............................................................................................... vii
LIST OF TABLES .......................................................................................................... ix
LIST OF FIGURES ....................................................................................................... xii
CHAPTER
I.

SUSCEPTIBILITY OF FOURTEEN NEW CUCURBIT SPECIES TO
GUMMY STEM BLIGHT CAUSED BY STAGONOSPOROPSIS
CITRULLI UNDER FIELD CONDITIONS .................................................. 1
Introduction .............................................................................................. 2
Materials and Methods ............................................................................. 6
Results .................................................................................................... 11
Discussion .............................................................................................. 18
Literature Cited ...................................................................................... 26

II.

OCCURRENCE OF FOLIAR PATHOGENS OF WATERMELON ON
COMMERCIAL FARMS IN SOUTH CAROLINA ESTIMATED WITH
STRATIFIED CLUSTER SAMPLING ...................................................... 47
Introduction ............................................................................................ 48
Materials and Methods ........................................................................... 54
Results .................................................................................................... 59
Discussion .............................................................................................. 65
Literature Cited ...................................................................................... 75

III.

FACTORS INFLUENCING THE OCCURRENCE OF FOLIAR
PATHOGENS IN COMMERCIAL WATERMELON FIELDS IN
SOUTH CAROLINA BASED ON STRATIFIED CLUSTER
SAMPLING ................................................................................................. 92

vii

Table of Contents (Continued)

Page

Introduction ............................................................................................ 93
Materials and Methods ........................................................................... 98
Results .................................................................................................. 101
Discussion ............................................................................................ 108
Literature Cited .................................................................................... 117
IV.

STACHYBOTRIACEAE ON CUCURBITS DEMYSTIFIED:
GENETIC DIVERSITY AND PATHOGENICITY OF INK SPOT
PATHOGENS ............................................................................................ 136
Introduction .......................................................................................... 136
Materials and Methods ......................................................................... 139
Results .................................................................................................. 145
Discussion ............................................................................................ 152
Literature Cited .................................................................................... 158

V.

CONCLUSION .......................................................................................... 171

viii

LIST OF TABLES
Table

Page

1.1

Cucurbit species tested for gummy stem blight
susceptibility in the field in South Carolina in in three
experiments 2015 and 2016 ................................................................... 32

1.2

Percentage incidence and severity of gummy stem blight
compared within three seasons in 2015 and 2016 for 15
cucurbit species inoculated with Stagonosporopsis citrulli ................... 34

1.3

Area under the disease progress curve values calculated
from incidence and severity of gummy stem blight on
15 cucurbit species inoculated with Stagonosporopsis
citrulli compared within three seasons in 2015 and 2016...................... 36

1.4

Contrasts among cucurbit tribes for area under the disease
progress curve calculated from incidence of crown
cankers and severity of foliar blight....................................................... 37

1.5

Contrasts among geographic origins of cucurbits for area
under the disease progress curve calculated from
incidence of crown cankers and severity of foliar blight ....................... 38

1.6

Daily increase of incidence of crown cankers caused by
Stagonosporopsis citrulli compared within
experiments for 15 cucurbit species ....................................................... 39

1.7

Incidence of fruiting bodies of Stagonosporopsis citrulli
compared within three experiments in 2015 and 2016
for 15 cucurbit species ........................................................................... 41

1.8

Updated list of cucurbit genera known to be susceptible
to gummy stem blight caused by Stagonosporopsis spp. ..................... 42

2.1

Watermelon fields sampled in four seasons from 2015 to
2017 in South Carolina .......................................................................... 80

2.2

Isolates of Stagonosporopsis spp. collected throughout
sampling of watermelon fields in 2015 to 2017..................................... 81

ix

List of Tables (Continued)
Table

Page

2.3

Sampling intervals and monthly environmental conditions
during sampling of watermelon leaves .................................................. 82

2.4

Occurrence of pathogens in combinations on watermelon
leaves in spring 2015 and 2016 .............................................................. 83

2.5

Occurrence of pathogens in combinations on watermelon
leaves in fall 2016 and 2017 .................................................................. 84

2.6

Associations between pathogen pairs on watermelon leaves
collected in 2015 and 2016 .................................................................... 86

2.7

Fungicides applied within two weeks prior to sampling in
watermelon fields sampled in fall 2016 and fall 2017 ........................... 87

3.1

Watermelon fields sampled in three seasons in 2015 and
2016 in South Carolina ........................................................................ 123

3.2

Effect of previous crops on probability of occurrence of
foliar pathogens of watermelon in South Carolina .............................. 125

3.3

Comparison of probabilities of pathogen occurrence on
diploid versus triploid watermelon cultivars at the time
of sampling in the spring of 2015 and 2016 ....................................... 127

3.4

Effect of watermelon field size on pathogen occurrence at
the time of sampling in South Carolina from 2015 to 2016 ................ 128

3.5

Effect of plant age at the time of sampling on the probability
of occurrence of foliar pathogens of watermelon in two
seasons in South Carolina ................................................................... 129

3.6

Effect of sampling date on probability
of occurrence of foliar pathogens of watermelon from
2015 to 2016 in South Carolina ........................................................... 130

3.7

Effect of field alignment on estimated probability of
occurrence of foliar pathogens of watermelon in South
Carolina compared within pathogen-year combinations ..................... 131

x

List of Tables (Continued)
Table

Page

3.8

Fungicides applied to watermelon fields during the two-week
period prior to sampling in two seasons in South Carolina ................. 132

3.9

Effect of fungicide applications on the probability of
pathogen occurrence on watermelon leaves at the time
of sampling in three seasons in South Carolina .................................. 133

4.1

Number of isolates per species of Stachybotriaceae
recovered from cucurbits in South Carolina 2016 to 2018 .................. 163

4.2

Genetic diversity of five species of Stachybotriaceae ............................... 164

4.3

Differences in average susceptibility among three host
plant species inoculated with five species of
Stachybotriaceae................................................................................... 165

4.4

Pathogenicity and virulence measurements of six isolates
representing five species of Stachybotriaceae compared
within host ............................................................................................ 166

xi

LIST OF FIGURES
Figure

Page

1.1

Typical symptoms of gummy stem blight on leaves of new
cucurbit host species. ............................................................................. 43

1.2

Typical symptoms of gummy stem blight caused by
Stagonosporopsis citrulli on crowns of new cucurbit
host species ............................................................................................ 45

2.1

Locations of the 60 fields sampled in four seasons from
2015 to 2017 .......................................................................................... 88

2.2

Sampling scheme within a selected field ..................................................... 89

2.3

Estimated probability of statewide pathogen occurrence in
South Carolina by season 2015 to 2017 ................................................. 90

2.4

Estimated probability of statewide pathogen occurrence
on symptomatic leaves across all four seasons 2015
to 2017 ................................................................................................... 91

3.1

Estimated probability of pathogen occurrence by county
compared within pathogen across counties.......................................... 135

4.1

Culture characteristics of six species of Stachybotriaceae
recovered from watermelon in commercial fields in
South Carolina ..................................................................................... 168

4.2

Multi-locus consensus tree based on the combined
sequence alignment of CAL, ITS, TUB2 and RPB2 ............................ 169

xii

CHAPTER ONE

SUSCEPTIBILITY OF FOURTEEN NEW CUCURBIT SPECIES TO GUMMY STEM
BLIGHT CAUSED BY STAGONOSPOROPSIS CITRULLI UNDER FIELD CONDITIONS

Rennberger, G., and Keinath, A. P. 2018. Susceptibility of fourteen new cucurbit species to
gummy stem blight caused by Stagonosporopsis citrulli under field conditions. Plant Dis.
102:1365-1375. Available at: doi.org/10.1094/PDIS-12-17-1953-RE
Abstract
At least 24 species of cucurbits from 13 genera are known to be susceptible to gummy stem blight,
caused by three species of Stagonosporopsis. Cankers that are formed on crowns and stems play
an important role in the disease cycle and the survival of the pathogen. Fourteen cucurbit species
of unknown susceptibility representing 12 genera, five taxonomic tribes, and five geographic
origins were inoculated with Stagonosporopsis citrulli in Charleston, SC, in spring 2015, spring
2016, and fall 2016 to evaluate their level of susceptibility to gummy stem blight and the ability
of the pathogen to reproduce on crown cankers. An additional species, Cucumis melo, was included
as a reference due to its known high susceptibility. Data sets of area under the disease progress
curve (AUDPC) for foliar severity and crown cankers, final percentage of diseased leaf area, final
percentage of plants with cankers, final percentage of plants with fruiting bodies, and rates of
increase in canker incidence were analyzed to evaluate susceptibility. Results were similar for
datasets of AUDPC and final ratings but there were more differences for AUDPC. In all
experiments, Apodanthera sagittifolia, Ecballium elaterium, and Kedrostis leloja were at least as
susceptible to foliar blight as the reference C. melo. K. leloja was as susceptible to crown cankers
as C. melo in all experiments and A. sagittifolia and E. elaterium were among the species most
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susceptible to crown cankers in two experiments. Coccinia grandis was highly resistant to gummy
stem blight and had a few cankers only in fall 2016. Sicana odorifera and Zehneria pallidinervia
also consistently grouped with the most resistant species. Incidence of crown cankers on Cucumis
melo and K. leloja increased at the fastest rate of all species in all experiments and had, along with
E. elaterium, the highest incidence of crowns with fruiting bodies. In general, the most susceptible
species also were most suitable for reproduction of the pathogen and had the fastest disease
progression. The tribes Benincaseae and Cucurbiteae had consistently lower levels of foliar blight
than Bryonieae and Coniandreae. The tribe Benincaseae had a consistently lower AUDPC for
canker incidence than Bryonieae and Coniandreae. The species originating from Europe (E.
elaterium) was consistently most susceptible to both symptoms, while African species grouped
with the least susceptible species in all experiments. To the best of our knowledge, this is the first
report of susceptibility to gummy stem blight of 14 species and the first report of susceptibility of
the cucurbit tribes Coniandreae and Gomphogyneae. This expands the host range of
Stagonosporopsis citrulli to 37 species representing 21 genera and seven tribes in the family
Cucurbitaceae. This study demonstrates the importance of crown cankers as reproductive sites for
S. citrulli.
Introduction
The plant family Cucurbitaceae comprises about 960 species in 115 genera that are mainly
tropical and subtropical tendril-bearing climbers. Approximately 50 genera in the family contain
only one species (Kocyan et al. 2007). Its center of origin is Asia, from which cucurbits spread
around the world via long-distance dispersal events. The majority of species (40%) is endemic to
the American continent, 28% occur in Africa, and 26% in Asia. The remaining species are found
in Australia (2%) and Europe (1%) (Schaefer et al. 2009). Cucurbitaceae is one of the most
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genetically diverse families in the plant kingdom and among the most important ones for human
utilization, even though only about 0.5% of the species are used commercially (Robinson and
Decker-Walters 1997). In 2014, the annual worldwide production of the main cucurbit crops —
cucumber, melon, gourd, pumpkin, squash, and watermelon — was 240.81 × 106 tons, of which
3.96 × 106 tons were produced in the United States. The total worldwide vegetable production in
the same year, 1,169.45 × 106 tons, puts these numbers in perspective (FAO 2017) and illustrates
the importance of cucurbits as commercial crops (Kocyan et al. 2007; Zhang et al. 2006).
Gummy stem blight (GSB), caused by three morphologically indistinguishable but
genetically distinct species of Stagonosporopsis (Stewart et al. 2015), is a major disease of
cucurbits with a worldwide distribution that occurs in all cucurbit-producing areas (Keinath 2011).
Two of the three species, S. citrulli and S. cucurbitacearum (syn. Didymella bryoniae), are hostspecific to cucurbits, whereas S. caricae also infects papaya (Carica papaya) (Stewart et al. 2015).
The most common and widespread species, S. citrulli, is also the predominant species in the
southeastern United States (Brewer et al. 2015; Stewart et al. 2015). Symptoms of GSB are
circular, tan to brown water-soaked lesions on cotyledons, leaves, petioles, hypocotyls, and stems.
The disease is referred to as black rot on fruit, which can have variable symptoms depending on
the affected fruit. If the cortical tissue of stems and crowns are infected, cankers can develop,
which may lead to the production of a reddish-brown gummy exudate (Chiu and Walker 1949;
Grossenbacher 1909; Keinath 2008, 2017; Zitter 2017). Cankers are commonly formed on crowns
and stems of pumpkin (Cucurbita pepo), squash (C. maxima), bottle gourd (Lagenaria siceraria),
cucumber (Cucumis sativus), watermelon (Citrullus lanatus), and muskmelon (Cucumis melo)
(Chiu and Walker 1949; Keinath 2008, 2014a; Schenck 1968). High levels of resistance to crown
cankers were found in Cucurbita moschata and C. pepo ‘Gray Zucchini’ (Chiu and Walker 1949;
Grossenbacher 1909; Keinath 2014a).
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At least 24 species of cucurbits from 13 genera are known to be susceptible to GSB (Jiang
et al. 2015; Keinath 2011). Among these are all major cucurbit crops. To this day, no commercially
acceptable cultivars of any cucurbit crop with resistance to GSB are available (Keinath 2017).
Susceptibility to GSB varies greatly within the family Cucurbitaceae. Generally, Citrullus lanatus
(watermelon) and Cucumis melo (melon) are the most susceptible species (Chiu and Walker 1949;
dos Santos et al. 2009; Keinath 2014a). Under conducive conditions, yield losses in cantaloupe
can reach 100% and average above 40% in watermelon (Keinath and Duthie 1998; Zhang et al.
1999). In previous studies where the susceptibility of various cucurbits to GSB was compared,
Cucurbita spp. were consistently less susceptible than watermelon and melon (Bala and Hosein
1986; Chiu and Walker 1949; dos Santos et al. 2009; Grossenbacher 1909; Keinath 2014a). The
only exception to this is the high susceptibility of C. argyrosperma reported by Keinath (2014a).
Apart from a study by Wehner and St. Amand (1993), who tested six species of Cucumis, no
experiments to test cucurbits for their susceptibility to GSB have included minor crops or wild
species. Because of the high potential to find resistance in wild, untested cucurbits, there is a need
to investigate these unstudied plant species.
The survival of S. citrulli in colonized cucurbit debris, which acts as a source of inoculum
for subsequent crops, was investigated in several studies (Chiu and Walker 1949; Keinath 2002,
2008; Sitterly 1969; Van Steekelenburg 1983). On buried, naturally infected watermelon vines, S.
citrulli survived for up to 30 weeks, while the survival time on buried muskmelon crowns was
extended to 103 weeks (Keinath 2002, 2008). The crown of a cucurbit plant can be described as
the part where the short main stem divides into two or more primary vines. It is the thickest and
one of the most lignified parts of the plant (Keinath 2008). Therefore, crowns decompose slowly
and are of particular importance as a reservoir for the survival of inoculum into a consecutive crop.
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The difference in survival time on watermelon vines as opposed to muskmelon crowns illustrates
this aspect (Keinath 2002, 2008).
As a homothallic fungus, S. citrulli produces both pycnidia (asexual fruiting bodies) and
pseudothecia (sexual fruiting bodies) on suitable hosts (Keinath 2014b; Punithalingam and
Holliday 1972). The requirements for the formation of fruiting bodies are free moisture and
temperatures of >5°C (Van Steekelenburg 1983). When these conditions are met, the fungus
produces pycnidia and pseudothecia on cucurbit debris remaining on fields, which subsequently
release the inoculum for a new disease cycle (Chiu and Walker 1949; Keinath 2002; Schenck
1968). The two spore types produced by pycnidia and pseudothecia play different roles in the
epidemiology of the pathogen. Although conidia released from pycnidia mainly spread from plant
to plant, ascospores released from pseudothecia can act as primary inoculum and as units of further
dispersal (Schenck 1968). Reports of fruiting bodies of S. citrulli on crowns and stems are scarce.
In the first account of GSB on watermelon, Chester (1891) reported pycnidia on vines. Later,
Schenck (1968) described both types of fruiting bodies specifically on crowns of watermelon as
lesions that started on the cotyledons of seedlings and spread to the hypocotyl and crown. After
inoculation experiments, Grossenbacher (1909) and Jensen et al. (2011) found both pycnidia and
pseudothecia on vines and stems of Cucurbita maxima. The only study that examined the
frequency of fruiting bodies on a large selection of cucurbits did not include crowns. Sporulation
of the pathogen was reported on leaves, pedicels, peduncles, petioles, tendrils, and vines of nine
species from five genera (Keinath 2014b). The formation of cankers and reproduction of S. citrulli
has not been studied on minor crop and wild cucurbit species.
The objectives of this study were to (i) characterize the level of susceptibility of 14 species
of cucurbits to foliar blight and crown cankers caused by S. citrulli, (ii) compare the relative
susceptibility of cucurbits in different geographic origins and tribes within the family
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Cucurbitaceae, (iii) compare the rate of canker development among the species, and (iv) compare
the reproduction of the pathogen on different hosts and test whether more susceptible species also
are more suitable for reproduction of the pathogen. The species included in this study were chosen
to represent the taxonomic and geographic diversity of the cucurbit family. Species initially
considered for inclusion were limited to those with seed readily available commercially.
Materials and Methods
Field experiments. Three experiments were conducted at the Clemson University Coastal
Research and Education Center in Charleston, SC. The experiments were done in spring 2015,
spring 2016, and fall 2016. A different field was used for each experiment. The field used in spring
2015 was cropped to muskmelon the previous spring, followed by a cover crop of rye and clover,
which was disked into the soil 3 months before transplanting. In the field used in spring 2016,
sunflower was grown the previous year, followed by a cover crop of crimson clover. The cover
crop was disked 3 months before transplanting. The field used in fall 2016 was cropped to corn
and sorghum in the spring of the same year and disked twice after mowing the sorghum. Fourteen
species of cucurbits were selected to represent 12 genera and five tribes originating from five
different geographical regions (Table 1.1). In 2015, all species were seeded at the same time. In
2016, seeding was staggered based on germination in 2015 to achieve similar developmental stages
of species. Coccinia grandis, Cucumis anguria, Ecballium elaterium, Gynostemma pentaphyllum,
Melothria scabra, and Zehneria pallidinervia were seeded first. Four days after that,
Acanthosicyos horridus, Apodanthera sagittifolia, Kedrostis leloja, C. melo ‘Athena’, and Sicana
odorifera were seeded. The last group of species — C. zambianus, Cucurbita digitata, C.
ecuadorensis, and L. sphaerica — was seeded 6 days after the second group.
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All plots consisted of a single-row raised bed that was 0.9 m wide on a 3.6-m center. Rows
of plastic mulch were arranged in blocks of three, with the middle row remaining unplanted. Beds
were covered with white-on-black polyethylene mulch in spring 2015 and fall 2016. In spring
2016, black polyethylene mulch was used. Seedlings were transplanted on 4 May 2015, 26 April
2016, and 11 August 2016. Plots were arranged as a randomized complete block design with four
replications and seven plants per plot. In 2015, plots were 8.5 m long with 1.2-m spacing between
plants within the row. Unplanted space between plots within rows was 4.6 m. In 2016, plots were
10.7 m long, with 9.1 and 6.1 m of unplanted space between plots in spring and fall, respectively.
In 2016, spacing between plants within plots was adjusted according to the growth habit of the
species. In spring 2016, Cucumis zambianus and Coccinia grandis were spaced 1.5 m apart and
all other species 1.2 m. In fall 2016, spacing between plants was 0.6 m for Acanthosicyos horridus
and Z. pallidinervia, 1.5 m for Cucumis anguria and C. zambianus, 0.9 m for E. elaterium, and 1.2
m for all other species. In all experiments, weeds, insects, anthracnose, downy mildew, and
powdery mildew were managed with recommended pesticides (Keinath et al. 2010).
In all experiments, crowns of all plants were inoculated with a suspension of two isolates
of S. citrulli that were originally recovered from watermelon in South Carolina (HD10 and W764).
Isolates of this species were used because of its local and global distribution. Fungal cultures were
grown on quarter-strength potato dextrose agar (QPDA) for 2 weeks with 12 h of light. Inoculum
was harvested by flooding plates with 7 ml of a solution of 0.05% casein and 0.1% sucrose
(Svedelius 1990) and scraping with sterile microscope slides. In all, 20 plates of each isolate were
prepared in 2015 and 30 plates in 2016. The volume was brought up to 500 ml with additional
casein-sucrose solution and blended for 1 min. The blended inoculum suspension was diluted to a
volume of 1.3 liter and contained spores and mycelial fragments. Inoculum densities in the three
experiments, as determined by plating of serial dilutions on QPDA, were 6.7 × 106, 9 × 106, and
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6 × 105 CFU/ml, respectively. Handheld spray bottles were used to apply 3 ml of inoculum
suspension on the crowns of all plants. Inoculations were done on 10 June 2015, 15 June 2016,
and 8 August 2016 in the evening at 7 to 8 P.M. The middle unplanted row of the blocks of three
rows was used to set up a misting system with overhead, low-pressure, mini-wobbler sprinklers
(Senninger Irrigation) to supply additional leaf wetness before inoculation and then throughout the
entire duration of the experiments. In spring 2015 and in fall 2016, the misting system was turned
on for 15 min prior to inoculation. In spring 2016, heavy rain just prior to inoculation provided
optimum conditions and rendered additional misting unnecessary. After inoculation, the misting
system was run twice per day for 30 min at 6 A.M. and 8 P.M. in spring 2015 and 2016. In fall
2016, it was run four times for 15 min at 3 A.M., 6 A.M., 8 P.M., and 12 P.M. due to belowaverage precipitation.
Severity of GSB on foliage was rated on each third of each plot using a percent scale from
0 to 100% with 5% increments, plus 1% for minor symptoms. In spring 2015, severity was rated
seven times. In spring 2016, severity was rated nine times, of which the first rating was 5 days
prior to inoculation because early symptoms of GSB were observed on six species. In fall 2016,
severity was rated five times. Four symptomatic leaves were collected from each plot on 10 July
2015, 7 August 2016, and 26 October 2016. One piece of tissue from each collected leaf was
surface disinfested for 1 min in a solution of 0.825% sodium hypochlorite and transferred to petri
dishes with QPDA amended with chloramphenicol at 0.1 g/liter, streptomycin at 0.1 g/liter, and
mefenoxam (Ridomil Gold SL; Syngenta AG) at 45.3 ml/liter to recover the pathogen (Keinath
2008).
Incidence of crown cankers and presence of fruiting bodies of S. citrulli was determined
by closely examining each crown for symptoms and signs of the pathogen. Crown cankers were
counted three, four, and two times in the three field experiments (spring 2015, spring 2016, and
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fall 2016, respectively). Presence of fruiting bodies of the pathogen was recorded every time,
whenever incidence of crown cankers was rated, with the exception that it was omitted the first
time canker incidence was determined in 2015. After the last rating in each experiment, four
symptomatic crowns were collected from each plot. The pathogen was recovered from two pieces
of tissue from each crown as described for leaves.
Statistical analyses. The three severity ratings per plot were averaged together. The area
under the disease progress curve (AUDPC) of foliar severity ratings and of crown incidence ratings
was calculated with PROC MEANS (version 9.4; SAS Institute Inc.) (Shaner and Finney 1977).
Relative AUDPC was calculated by dividing data from each experiment by the corresponding
number of days between the first and the last rating. Values for AUDPC of foliar severity in 2015
and fall 2016 were square-root transformed and log transformed in spring 2016. Disease severity
data for last ratings were square-root transformed in spring 2015 and spring 2016. Based on
residual plots, no transformation was necessary in fall 2016. The effects of species, experiment,
and their interaction were included as fixed effects and block within years was included as a
random effect in the model used in PROC GLM. When a species–experiment interaction was
present, data sets from experiments were compared separately, and the SLICE statement of the
LSMEANS option of PROC GLM was used to analyze differences among experiments for each
species. Values presented in the tables were back transformed.
Values for AUDPC of crown canker incidence were square-root transformed for 2015 and
arcsine square-root transformed for spring 2016. Based on residual plots, no transformation was
necessary for fall 2016. The effects of species, experiment, and their interaction were included as
fixed effects and block within years was included as a random effect in the model used in PROC
GLM. When an interaction was present, data sets from experiments were compared separately,
and the SLICE statement of the LSMEANS option of PROC GLM was used to analyze differences
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among experiments for each species. Values presented in the tables were back transformed. The
data of fruiting body incidence based on total number of plants was analyzed in the same manner
but only data from 2015 were arcsine square-root transformed.
Because transformations could not correct for nonnormality and inequality of variances for
the canker incidence ratings, data were analyzed with PROC CATMOD for categorical data
analysis. Using the logit as response function, the proportions of plants with crown cankers were
analyzed with the maximum-likelihood method to estimate linear model parameters. Because data
sets that contain percentage values of 0 or 100 cannot converge in this procedure, percentage values
were replaced with a Bayes estimator with the following formula: x = (ct + k/r) × n/(n + k), where
x = the transformed percentage, ct = number of plants with crown cankers, r = 2 (for a binary
response), k = a constant which was set equal to r, and n = total number of plants (Santner and
Duffy 1989). In tables, back-transformed values >84.0 and values of E. elaterium correspond to
percentages of 100.0 and values <14.0 correspond to percentages of 0.0 (no cankers present).
Species had a significant effect in all three experiments (P £ 0.0002). Therefore, linear contrasts
were written to compare species. The block factor was excluded from the model because it was
not significant in any experiment (P ³ 0.13).
Slopes of the canker progress were calculated for the interval between inoculation and the
first postinoculation rating, except for four species in spring 2016, which had low levels of crown
cankers before the research plots were inoculated. Therefore, the first rating in spring 2016 was
done prior to inoculation and slopes for these species were calculated for the interval between the
first and second rating. The slopes of canker progress were analyzed with PROC GLIMMIX. The
effects of species, experiment, and their interaction were included as fixed effects and block within
years was included as a random effect. The Gaussian distribution was used as the response
distribution and the identity was used as the link function. Due to a significant species–experiment
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interaction, the datasets were analyzed separately for each experiment. To adjust for nonnormality
and inequality of variances, the data from spring 2016 was square-root transformed before
analysis. Using PROC CORR, Pearson correlation coefficients between incidence of crown
cankers and incidence of fruiting bodies were calculated for each individual experiment and for
data combined from all three experiments.
Results
Severity of foliar blight. GSB was significantly more severe in fall 2016 than in spring
2015 and 2016 (P < 0.0001, from preliminary analysis of combined datasets). Foliar severity was
>70% on 6 of the 14 species in fall 2016 whereas, in the two previous seasons, severity was £65%
on all species (Table 1.2). There were species-by-experiment interactions for both foliar severity
and canker incidence based on AUDPC values and final percentages (P < 0.0001). Therefore, all
datasets were analyzed separately for each experiment. Symptoms of foliar blight were found on
all species in all experiments except on Z. pallidinervia in 2015 (Table 1.2). Lesions with fruiting
bodies of S. citrulli were present on thorns of A. horridus (Fig. 1.1A). Three species (E. elaterium,
A. sagittifolia, and C. melo) were among the three most susceptible species across all experiments
based on AUDPC and final severity, except for C. melo in 2015 (Fig. 1.1B and C). The AUDPC
of E. elaterium was consistently among the two highest values and significantly higher than all
species, with the exception of A. sagittifolia and C. melo (Table 1.3). The AUDPC of A. sagittifolia
was significantly higher than the AUDPC of C. melo in 2015 and in fall 2016. In each experiment,
K. leloja was one of the five most susceptible species and, in 2016, it was at least as susceptible as
C. melo. K. leloja, however, had a lower AUDPC than E. elaterium in each experiment. By the
end of the season in fall 2016, about half of the plants of C. melo, E. elaterium, and K. leloja and
almost all plants of A. sagittifolia were killed by GSB.
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C. grandis and Z. pallidinervia were consistently least affected by S. citrulli. The two
species had a significantly lower AUDPC and percent severity based on final ratings than all other
species in 2015 and spring 2016. In fall 2016, these two species and S. odorifera had the lowest
AUDPC values, although AUDPC of Z. pallidinervia was not significantly different from AUDPC
for C. anguria and M. scabra. In spring 2015 and fall 2016, S. odorifera was among the three
species with the lowest AUDPC but, in spring 2016, the AUDPC value was only significantly
lower than E. elaterium. The AUDPC of C. anguria was consistently the fifth lowest and its
severity rating was among the four lowest. C. grandis and Z. pallidinervia had lower levels of
foliar severity than C. anguria in all three experiments and, in fall 2016, S. odorifera was also less
susceptible than C. anguria. The AUDPC for L. sphaerica was less than the AUDPC for C. melo
in each experiment.
Based on severity of foliar blight at the end of the experiments, C. grandis and Z.
pallidinervia were consistently among the three least susceptible species although, in fall 2016, Z.
pallidinervia also grouped with four moderately susceptible species (C. anguria, C. ecuadorensis,
L. sphaerica, and M. scabra) (Table 1.2). In general, the data sets for AUDPC and percentages at
the end of the experiment are in correspondence. The four species A. sagittifolia, C. melo, E.
elaterium, and K. leloja were consistently among the species most susceptible to foliar blight,
whereas C. grandis and Z. pallidinervia were consistently highly resistant to the foliar blight phase
of GSB in this study.
S. citrulli was successfully recovered from leaves of all included species in at least one
experiment. Recovery levels in 2015 were lower than in the 2016 seasons. Overall, there were few
differences among species in pathogen recovery. In 2015, recovery was lowest for A. sagittifolia
and M. scabra whereas, in spring 2016, it was lowest for M. scabra and Z. pallidinervia. The
pathogen was not recovered from leaves of C. grandis, L. sphaerica, S. odorifera, and Z.
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pallidinervia and thorns of A. horridus in 2015 because no symptomatic leaves could be found at
the time of sampling.
In fall 2016, symptoms of powdery mildew caused by Podosphaera xanthii were observed
on C. digitata, C. zambianus, and M. scabra (Rennberger et al. 2018). The occurrence of powdery
mildew did not affect the results of the experiment because the results were in general agreement
with the results of the preceding two experiments.
Incidence of crown cankers. Cankers formed on crowns of most species, except C.
grandis, S. odorifera, and Z. pallidinervia in 2015 and C. grandis in spring 2016 (Table 1.2). At
the end of each experiment, cankers were present on all plants of A. sagittifolia, C. melo, C.
digitata, E. elaterium, and K. leloja. On A. horridus and C. digitata, cankers developed on all
plants in two experiments. The characteristic amber-brown gummy exudate was observed on stems
of A. sagittifolia, C. digitata, C. melo, C. zambianus, E. elaterium, K. leloja, and L. sphaerica.
In fall 2016, the percentage of crowns with cankers was significantly (P < 0.0001) greater
than in the previous two experiments and, in 2015, it was significantly (P ≤ 0.0405) less than in
the 2016 seasons (Table 1.2). Despite significant interactions across experiments for most species,
species had clear susceptibility patterns to crown cankers. As expected, C. melo was among the
species most susceptible to crown cankers in all three experiments for both AUDPC and final
incidence. The AUDPC of K. leloja was statistically equal to that of C. melo in all three
experiments (Table 1.3). E. elaterium had an equally high AUDPC as C. melo and K. leloja in
2015 and fall 2016. A. sagittifolia and C. zambianus were among the four most susceptible species
in fall 2016 and grouped with E. elaterium in all experiments.
C. grandis and S. odorifera were the species least susceptible to crown cankers in all
experiments. In 2015, these two species plus L. sphaerica and Z. pallidinervia had significantly
lower AUDPC values for canker incidence than any other species (Table 1.3). In spring 2016,
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AUDPC for C. grandis was significantly smaller than for L. sphaerica and, in fall 2016, it was
smaller than for Z. pallidinervia and L. sphaerica. AUDPC values did not differ significantly
among L. sphaerica, S. odorifera, and Z. pallidinervia in any experiment. Z. pallidinervia had
significantly fewer cankers than M. scabra in spring 2015 and 2016 but not in fall 2016.
Overall, there were fewer differences for the percentages of plants with crown cankers on
the last rating dates than for AUDPC based on canker incidence. C. grandis, S. odorifera, and Z.
pallidinervia had consistently lower percentages of crowns with cankers compared with C. melo
and C. zambianus (Table 1.2). In addition, L. sphaerica had significantly fewer cankers than C.
melo in 2015 and spring 2016. Although C. ecuadorensis was grouped with the three least
susceptible species in 2015, in fall 2016, canker incidence was greater than on those three species
(Table 1.2). The four species A. sagittifolia, C. melo, C. zambianus, and K. leloja grouped with the
species showing the highest incidences of crown cankers in all experiments and were the only
species with final incidence values >80%, except for C. zambianus in 2015. A. horridus, A.
sagittifolia, C. anguria, C. melo, E. elaterium, and K. leloja had consistently high incidences of
cankers that did not differ among experiments (species – experiment interaction P ³ 0.23, from
combined analysis). With few exceptions, the five species A. sagittifolia, C. melo, C. zambianus,
E. elaterium, and K. leloja were the most susceptible to crown cankers (Fig. 1.2), and the three
species C. grandis, S. odorifera, and Z. pallidinervia were the least susceptible, showing only
minor symptoms across all three experiments.
S. citrulli was successfully recovered from crowns with cankers of all species in at least
one experiment. Recovery was significantly lower in 2015 than in 2016 (P < 0.0001) but there was
no difference between the two experiments in 2016 (P = 0.46). The lowest percent recovery was
from C. grandis, which was significantly less than from all other species except M. scabra, which
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had the second lowest recovery. Otherwise, there were few significant differences in recovery from
crowns.
There were several notable differences among species within the genera Cucurbita and
Cucumis. Within the genus Cucurbita, final disease severity of C. ecuadorensis was lower than
that of C. digitata in 2015 and fall 2016 (Table 1.2). Both Cucurbita spp. had higher AUDPC
values for crown cankers than the three most resistant species and lower AUDPC values than the
three most susceptible species in 2015 and spring 2016. Within the genus Cucumis, foliar severity
of C. anguria at the end of the experiments was consistently the lowest of the three species. C.
zambianus was consistently more susceptible than C. anguria but less susceptible than C. melo
(Table 1.2). C. anguria had a lower AUDPC of crown canker incidence than C. melo in 2015 and
spring 2016 but final incidences of crown cankers did not differ in any experiment.
Comparisons among geographic origins and tribes. The four tribes and four geographic
origins represented by the cucurbit species included in this study were compared using linear
contrasts. AUDPC for foliar disease was significantly less severe for the tribes Benincaseae and
Cucurbiteae than for Bryonieae and Coniandreae in all experiments, except that the AUDPC values
of Coniandreae and Cucurbiteae were not significantly different in spring 2016. Benincaseae had
the lowest AUDPC in all experiments, with the exception that Cucurbiteae was equally low in fall
2016. In all experiments, Cucurbiteae and Benincaseae also were the least susceptible tribes based
on AUDPC calculated from crown incidence data (Table 1.4). In 2015 and spring 2016,
Cucurbiteae had a significantly lower crown incidence AUDPC than all other tribes (singledegree-of-freedom contrasts, P £ 0.05).
The AUDPC for percent severity among African species was among the statistically lowest
AUDPC values in all experiments (Table 1.5). South American species consistently had the second
lowest severity. The European species E. elaterium was the most susceptible species based on
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geographic origins (Table 1.5). Severity of North American species was intermediate in 2015 and
spring 2016 and low in fall 2016.
E. elaterium, the only species originating from Europe, had the highest AUDPC based on
crown canker incidence in all three experiments but, in 2015, North American species were
statistically equal and, in fall 2016, South American species had an equally high AUDPC (Table
1.5). African species consistently had intermediate AUDPC values. South American species had a
significantly lower AUDPC value than African, European, and North American species in 2015.
In fall 2016, species split into two groups by geographic origins as African and North American
species had statistically lower AUDPC of canker incidence than European and South American
species (Table 1.5).
Development of crown cankers. The data for increase in canker incidence between the
first and second ratings (approximately 2 weeks) were analyzed separately for each experiment
because there was a species-by-experiment interaction (P £ 0.0001). The slopes of crown canker
incidence in spring 2016 were significantly lower than in 2015 and fall 2016. (P < 0.0001, from
preliminary analyses of combined datasets). On C. grandis and S. odorifera, there was a consistent
lack of canker development at the beginning of the disease progress curve between the first and
second ratings (P ³ 0.11). C. grandis had no cankers throughout the experiments in 2015 and
spring 2016 but cankers were observed starting 24 days after inoculation (dai) in fall 2016. No
cankers developed on S. odorifera over the course of the experiment in 2015 but appeared 37 dai
in spring 2016 and 24 dai in fall 2016. Despite the earlier onset of canker development in fall 2016,
these two species still had the fewest cankers at the end of the experiment. In all three experiments,
C. melo and K. leloja had the fastest increase of canker incidence per day (Table 1.6). E. elaterium
grouped with the species with the highest rates of increase in 2016. Two additional species (A.
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sagittifolia and C. zambianus) grouped with the five species that had the highest rate of canker
increase in 2015 and fall 2016 (Table 1.6).
Incidence of fruiting bodies on crown cankers. The percentage of crowns with fruiting
bodies of S. citrulli in fall 2016 was significantly higher (P £ 0.0011) than in 2015 and spring
2016. No fruiting bodies were found on C. ecuadorensis, L. sphaerica, G. pentaphyllum, and Z.
pallidinervia in 2015; C. grandis and S. odorifera in 2015 and spring 2016; or M. scabra in fall
2016. The data for incidence of fruiting bodies on crown cankers were analyzed separately for
each experiment because there was an overall species-by-experiment interaction (P £ 0.0001). The
species-by-experiment interaction was significant for A. sagittifolia, C. anguria, C. digitata, C.
ecuadorensis, C. zambianus, and E. elaterium (P £ 0.0096) but not for the remaining eight species
(P ³ 0.0547). The main reasons for the interaction were the absence of fruiting bodies on crowns
of C. ecuadorensis in 2015 and low incidence of fruiting bodies on A. sagittifolia in spring 2016.
Among all 15 species, C. melo consistently had the highest incidence of fruiting bodies.
Fruiting bodies were present on ≥92% of its crowns in every experiment (Table 1.7). Several other
species had similar levels of fruiting body incidence. A. sagittifolia, E. elaterium, and K. leloja
consistently grouped with the five species with the highest incidence of fruiting bodies, except for
A. sagittifolia in spring 2016 and K. leloja in fall 2016. Five species — C. grandis, L. sphaerica,
M. scabra, S. odorifera, and Z. pallidinervia — consistently were among the species with the
lowest incidence of fruiting bodies on crowns. C. anguria also had fewer fruiting bodies than C.
melo in all experiments.
There was a significant (P < 0.0001) correlation (Pearson’s r) between the incidence of
crown cankers and the incidence of fruiting bodies on cankers in all experiments. The correlation
was moderate to high: Pearson’s r = 0.7062, 0.6262, and 0.5550 in 2015, spring 2016, and fall
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2016, respectively. There also was a significant (P < 0.0001) moderately high correlation between
the two variables across experiments (Pearson’s r = 0.6373).

Discussion
To the best of our knowledge, this field study is the first confirmation of susceptibility to
both phases of GSB, foliar blight and crown cankers, caused by S. citrulli on 14 new cucurbit
species. Thus, the host range of S. citrulli is wider than previously reported (Keinath 2011).
Susceptibility to GSB had been reported on 24 species in 13 genera of cucurbits (Jiang et al. 2015;
Keinath 2011). This study expands the known list of affected plants to 37 species in 22 genera
(Table 1.6). Because S. citrulli infected all 14 species tested, its host range might be much wider
than what is known currently. Immunity against GSB appears to be extremely rare or even absent
in the family Cucurbitaceae. The 14 new host species reported in this study represent 12 genera
and four taxonomic tribes.
The family Cucurbitaceae comprises 15 tribes, of which 8 are now known to include
species susceptible to GSB. This study included species in three of the six tribes with species
known previously to be susceptible to GSB: Benincaseae, Bryonieae, and Cucurbiteae. No
members of the tribes Momordiceae, Sicyoceae, and Siratieae were included; in part, because
existing documentation of their susceptibility was considered to be sufficient (Keinath 2011;
Schaefer and Renner 2011). Susceptibility was confirmed for two new tribes, Coniandreae and
Gomphogyneae, from which susceptibility had not been reported previously. The two species from
Coniandreae, A. sagittifolia and K. leloja, were highly susceptible to both phases of the disease
(foliar blight and crown cankers). G. pentaphyllum, a cucurbit native to moist forests in Asia and
member of the tribe Gomphogyneae (Schaefer and Renner 2011), was initially included in this
study but had to be excluded because of poor germination, lack of plant vigor due to the hot climate
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and wet soil, and the number of transplants that were killed by Pythium spp. Nonetheless, the
species was successfully inoculated, and the pathogen was recovered from crowns and leaves in
two experiments.
Muskmelon was very susceptible to GSB in this study, as reported previously (Chiu and
Walker 1949; Crinó et al. 2007; Keinath 2008, 2014a). Although 8 other species had incidences of
crown cankers that did not differ from muskmelon in all three experiments, muskmelon was the
most susceptible species of the 15 species included in this study because incidence was 100% in
each experiment. These findings confirm earlier studies where similar differences in susceptibility
were observed among various cucurbit hosts. Chiu and Walker (1949) reported formation of
cankers on bottle gourd, cucumber, muskmelon, and five species of Cucurbita, with muskmelon
being most susceptible. In the study by dos Santos et al. (2009), Cucumis was among the most
susceptible genera, while Luffa and Cucurbita were the least susceptible. The fact that there were
fewer significant differences in susceptibility to crown cankers in the percentage data compared
with the AUDPC was caused by differences among the cucurbit species in the onset of crown
cankers and the speed at which they developed and spread (Table 1.6). Fry (1978) also compared
AUDPC and final disease ratings and found that AUDPC generally was a better measure to
evaluate late blight resistance of potato cultivars.
In contrast to the experiments done by Grossenbacher (1909), in which C. anguria was
highly resistant to stem cankers, this species was susceptible to crown cankers in our study. The
pathogen colonized crowns and was successfully isolated in all three experiments. Grossenbacher
inoculated C. anguria 10 times but did not observe any symptoms. A possible explanation for the
failure of infection throughout Grossenbacher’s experiments is that he used mycelium from
cultures that were grown on PDA to inoculate through stem wounds. He reported bacterial
contamination of the cultures, which might have prevented successful infection by
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Stagonosporopsis spp. despite the wounding. It is also possible that Grossenbacher used isolates
of S. cucurbitacearum, which have been identified from New York (Somai et al. 2002, Stewart et
al. 2015). Isolates of S. cucurbitacearum might have a host preference for Cucurbita spp. because
S. cucurbitacearum was recovered most frequently from this genus. However, Stewart et al. (2015)
did not find a host specialization in experiments with C. moschata.
The two isolates of S. citrulli used for inoculation in this study were both originally
recovered from watermelon, a genus that was not included in this study. The fact that these isolates
successfully caused disease on all tested species shows the small or nonexistent effect of host
origin on pathogenicity of S. citrulli, which confirms previous observations that isolate virulence
is not correlated with host origin (Wiant1945; Zúniga1999). It is possible, however, that there were
slight effects on pathogen virulence on the different included cucurbits, as was reported in other
studies (Chiu and Walker 1949; dos Santos et al. 2009; Keinath 2014a).
In general, all species except C. anguria, M. scabra, and G. pentaphyllum were equally
susceptible or resistant to foliar blight and crown cankers. C. anguria and M. scabra were
moderately resistant to foliar blight but clearly susceptible to crown cankers. The reverse appears
to be true for G. pentaphyllum, which was resistant to crown cankers but susceptible to foliar
blight. Due to problems with severe Pythium root rot on this species, this observation, however,
could not be verified statistically. In a previous study, watermelon was found to be less susceptible
to crown cankers than to the foliar blight phase of GSB. This was attributed to the potential
existence of genes that confer partial resistance to crown cankers (Keinath 2014a). The finding
that two species in this study had a resistance pattern the reverse of watermelon infers that there
also might be genes encoding for specific resistance to foliar blight.
Differences in susceptibility were observed among the tribes and geographic origins
included in this study. The tribe Bryonieae and the European origin grouping each included only
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one species, the very susceptible E. elaterium; therefore, the results for the comparisons among
taxonomic tribes and geographic origins are similar (Tables 1.4 and 1.5) even though the single
species was compared with different taxonomic and geographical groupings. The foliar blight
phase on E. elaterium, A. sagittifolia, and K. leloja, which reached 100% severity in fall 2016, was
as severe as on C. melo. These four most susceptible species represent three taxonomic tribes
(Benincaseae, Bryonieae, and Coniandreae). Nevertheless, Benincaseae was consistently the least
susceptible tribe, and three of the four most resistant species — C. grandis, L. sphaerica, and Z.
pallidinervia — are members of this tribe. Because seven of the eight species in Benincaseae were
from Africa, this convergence explains why African species were the most resistant geographic
grouping. In contrast to this, muskmelon also belongs to this tribe. Likewise, the three species from
South America were susceptible (A. sagittifolia), intermediately resistant (C. ecuadorensis), and
resistant (S. odorifera). In addition, the differences between pairs of species in Cucumis and
Cucurbita included in our study, of which one species in both genera was very susceptible and the
other moderately resistant to resistant, show the great variability of GSB resistance within genera.
Thus, membership in a genus, taxonomic tribe, or geographic origin has no bearing on the
resistance level of a given cucurbit species. Similarly, Keinath (2014b) found variations of fungal
reproduction on different hosts within the genera Citrullus, Cucumis, and Cucurbita and concluded
that generalizations about differential susceptibility of cucurbits to GSB should be restricted to
differences among species or horticultural types.
S. citrulli attacked and sporulated on thorns of A. horridus. This constitutes the first time
that lesions and fruiting bodies were found on this type of plant part. This observation confirms
that the pathogen attacks all aboveground vegetative and reproductive plant parts of cucurbits
(Chester 1891; Keinath 2011, 2013).
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Conditions more conducive to disease development in fall 2016 resulted in higher levels
of foliar severity, canker incidence, and sporulation on cankers, despite the fact that the inoculum
density was lowest in that experiment. On watermelon, GSB epidemics were reported to begin
sooner in fall seasons, which led to higher final levels of disease (Keinath 2000). In fall 2016, dew
in the early morning hours and more frequent misting prolonged leaf wetness, which favored
disease progress. The lower levels of foliar severity at the end of the spring 2015 experiment
compared with spring 2016 likely were due to the shorter season in 2015. The ratings in 2016 that
correspond to the time period from inoculation to the final rating in 2015 were lower than or
comparable with the 2015 ratings. In addition, in spring 2016, the overall speed at which canker
incidence increased was significantly lower than in the other two experiments, although the highest
inoculum density was applied in that experiment. This can be attributed to the drier conditions with
higher temperatures in spring 2016 (data not shown). The seasonal variations in susceptibility to
GSB observed in this study confirm previous reports of substantial variations in susceptibility
caused by environmental conditions (Lou et al. 2013; St. Amand and Wehner 2001; Wolukau et
al. 2007; Zhang et al. 2017).
Both types of fruiting body, which are readily produced by the homothallic fungus S.
citrulli, were found on crowns of all cucurbits. We did not quantify the ratio of the two types but,
in an earlier study, Keinath (2014b) found that pseudothecia were the predominant type of fruiting
body. Species that were most susceptible to crown cankers also had the highest incidence of
fruiting bodies and the fastest rates of canker development. This pattern was especially consistent
for C. melo and K. leloja. Conversely, the most resistant species — C. grandis, S. odorifera, and
Z. pallidinervia — consistently had the lowest incidence of fruiting bodies and the slowest rates
of increase for cankers. Keinath (2014a) reported that cucurbit cultivars with higher levels of
severity or incidence of foliar GSB also had more leaves with fruiting bodies; however, he did not
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compare disease progress rates among the included cultivars. These observations were confirmed
in this study. The rate of sporulation of a pathogen may be regarded as a general indicator of
susceptibility. Thomas and Jourdain (1992) and Thomas et al. (2017a) evaluated the virulence of
Pseudoperonospora cubensis, an oomycete causing downy mildew of cucurbits, based on the level
of sporulation on different hosts. Hosts that facilitated lower rates of sporulation were considered
less susceptible owing to their interaction with virulence factors involved in pathogen sporulation.
Analogously, cucurbit species that consistently had lower incidences of fruiting bodies of S. citrulli
in this study might impair sporulation by the pathogen through interacting with virulence factors
specific to the formation of fruiting bodies.
The cucurbit species included in this study can serve as inoculum sources for S. citrulli in
regions where they occur. Schenck (1968) reported that fruiting bodies on crowns of watermelon
produced inoculum, particularly ascospores, that contributed significantly to the secondary spread
of GSB. In North America, the native C. digitata and M. scabra and the introduced E. elaterium
could be reservoirs of initial inoculum due to their high levels of susceptibility.
C. anguria had significantly less severe foliar blight than the other two Cucumis spp. in
each experiment. However, in contrast to the experiments done by Wehner and St. Amand (1993),
in which C. anguria was highly resistant to the foliar blight phase of GSB, this species was only
moderately resistant to foliar blight in our study. The pathogen colonized leaves and was
successfully isolated in all three experiments. Wehner and St. Amand did not use prepared
inoculum solution immediately and did not provide additional nutrients in the spore solution, as
recommended by Svedelius (1990); therefore, GSB development may have been restricted in their
study. Although C. anguria and C. zambianus are closely related and even cross compatible, the
difference in susceptibility between them was substantial. In 2015 and spring 2016, the AUDPC
of C. zambianus was as high as that of C. melo, a species to which it is only distantly related
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(Widrlechner et al. 2008). It is unlikely that C. anguria could serve as a source of resistance to
foliar blight, due to lack of crossability with other Cucumis spp. (Robinson and Decker-Walters
1997).
Resistance to GSB in cucurbits has been studied mainly in cucumber and melon. Although
previous research identified different single dominant genes conferring resistance to GSB in
various plant introductions (Frantz and Jahn 2004; Norton 1979; Prasad and Norton 1967; Wako
et al. 2002; Wolukau et al. 2007; Zúniga et al. 1999), recent studies found resistance to be
quantitative and controlled by two quantitative trait loci (QTL) or three pairs of additive epistatic
major genes (Lou et al. 2013; Zhang et al. 2017). The variability of GSB resistance and
susceptibility in this study reflects the wide range of results found in previous work on GSB
resistance and the underlying inheritance. Collectively evaluated, it seems most likely that
resistance to this disease of cucurbits is controlled by multiple genes, each contributing to the
overall level of resistance.
The two most resistant species found in this study were C. grandis and Z. pallidinervia.
Because of their consistently high levels of resistance to S. citrulli, these species could be utilized
to identify new QTL associated with GSB resistance of cucurbits. Lou et al. (2013) used
introgression lines from a cross between Cucumis hystrix and C. sativus to identify two QTL
contributing to GSB foliar resistance. It would be interesting to test several different species of
Coccinia and Zehneria for their susceptibility to GSB to identify the genetic background of
resistance in these genera. Because the genus Coccinia comprises 27 species adapted to numerous
different habitats (Holstein and Renner 2011), a species with significantly higher susceptibility to
GSB than C. grandis is likely to exist. A more susceptible Coccinia sp. could be used in a cross
with C. grandis to map QTL responsible for GSB resistance, similar to Lou et al. (2013). The
genus Zehneria, which comprises approximately 65 species from different habitats in Africa, Asia,
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and Oceania, could be utilized in a similar way (Renner and Pandey 2013, Schaefer and Renner
2011). Before utilization of the resistance genes of C. grandis or Z. pallidinervia, which are the
most promising candidates for use in advanced cucurbit breeding, it would be necessary to test
them in different environments and with different isolates of the three species of Stagonosporopsis
causing GSB on cucurbits. It has been shown that germplasm found to be highly resistant to GSB
in one particular environment has to be retested under different conditions for successful use in
breeding programs (Wolukau et al. 2007).
A potential use of C. grandis and S. odorifera, which are resistant to both the canker and
foliar blight phases of GSB, might be as rootstocks for grafting cucurbit crops. Grafting is used in
cucurbit production to manage Southern root-knot nematode (Meloidogyne incognita) and
Fusarium wilt caused by Fusarium oxysporum f. sp. niveum in watermelon, vine decline of melon
caused by Monosporascus cannonballus, and other diseases (Cohen et al. 2012; Keinath and
Hassell 2014a,b; King et al. 2008; Thies et al. 2015). The cucurbits mainly utilized as rootstocks
are bottle gourd (L. siceraria) and interspecific hybrid squash (C. maxima × C. moschata) (King
et al. 2008; Lee 1994). However, all commonly used rootstocks are as susceptible to GSB as
seedless watermelon, and the conditions needed for the healing of the graft union are very
conducive to disease development (Keinath 2013). Crinó et al. (2007) tested eight interspecific
hybrid squash rootstocks to manage GSB on melon and found four rootstocks with high resistance.
The development of rootstocks from C. grandis and S. odorifera could supply growers with a
rootstock that is resistant to this important cucurbit disease. Grafting commercial cucurbits on
rootstocks of these two species should be possible, because grafts are generally successful with
other rootstocks that are members of the tribe Benincaseae, to which most commercially important
cucurbits belong (e.g., cucumber, melon, and watermelon). Moreover, grafting watermelon on
members of the tribe Cucurbiteae, to which pumpkin, squash, and S. odorifera belong, is now
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common practice in many production regions (King et al. 2008; Lee 1994). Although C. grandis
is, as a member of the same taxonomic tribe, more closely related to watermelon and muskmelon,
S. odorifera might be more suitable as a GSB-resistant rootstock because of its similar stem
morphology. The hypocotyl of C. grandis thickens at an early developmental stage and expands
to a diameter of about 3 cm to form a caudiciform stem, which is a swollen perennial storage stem
at or above ground level (Simpson 2010). This stem morphology could lead to problems in grafting
success and compatibility.
In summary, 2 of 14 new species tested, C. grandis and Z. pallidinervia, were consistently
highly resistant to the foliar blight phase of GSB in this study, whereas A. sagittifolia, C. melo, E.
elaterium, and K. leloja were among the most susceptible species. S. odorifera was consistently
highly resistant to the crown canker phase of GSB in this study. C. grandis was the only species
that was consistently resistant to both the foliar blight and crown canker phases of GSB. In all, 14
species from 12 genera were identified as new hosts of S. citrulli, information which could have
future applications in resistance breeding and management of GSB on cucurbit crops (Table 1.8).
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Table 1.1. Cucurbit species tested for gummy stem blight susceptibility in the field in South Carolina in three experiments 2015 and
2016

Genus
Species
Acanthosicyos horridus

Common name
Nara melon

Tribea
Benincaseae

Origin
Africa

Apodanthera

sagittifolia

Argentinian melon

Coniandreae

South America

No

Coccinia

grandis

Ivy gourd

Benincaseae

Africa

Yes

Cucumis

anguria

Bur gherkin

Benincaseae

Africa

Yes

Cucumis

melo ‘Athena’

Cantaloupe

Benincaseae

Africa

Yes

Native
status in USb Seed source
Not native
rarepalmsee
ds.com
Not native
kcbsamen.ch
Invasive
rarepalmsee
ds.com
Invasive
sunshineseeds.de
Introduced
siegers.com

Cucumis

zambianus

None

Benincaseae

Africa

Yes

Not native

Cucurbita

digitata

Fingerleaf gourd

Cucurbitieae

North America

No

Native

Cucurbita

ecuadorensis

None

Cucurbitieae

South America

No

Not native

Ecballium

elaterium

Squirting cucumber Bryonieae

Europe

Yes

Introduced

Gynostemma

pentaphyllum

Jiaogulan

Gomphogyneae Asia

Yes

Not native

Kedrostis

leloja

None

Coniandreae

Africa

No

Not native

Lagenaria

sphaerica

None

Benincaseae

Africa

Yes

Not native

Melothria

scabra

Mouse melon

Benincaseae

North America

Yes

Not native

Sicana

odorifera

Casabanana

Cucurbitieae

South America

Yes

Introducedc

32

Cultivated
Yes

horizonherb
s.com
horizonherb
s.com
rarepalmsee
ds.com
horizonherb
s.com
horizonherb
s.com
kcbsamen.ch
rarepalmsee
ds.com
sunshineseeds.de
rarepalmsee

a

Zehneria
pallidinervia
Bat wing vine
Classification based on Schaefer and Renner (2011).

Benincaseae

Africa

No

b

Based on USDA, Natural Resources Conservation Service (NRCS), https://plants.usda.gov/java/.

c

Introduced only in Puerto Rico (USDA, NRCS).
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Not native

ds.com

Table 1.2. Percentage incidence and severity of gummy stem blight compared within three seasons in 2015 and 2016 for 15 cucurbit
species inoculated with Stagonosporopsis citrulliv
Incidence of crown cankersw

Foliar severity

August 7 August 5 October 20
July 23
August 6 October 16
Species
2015
2016
2016
2015
2016
2016
65.1 a
38.9 b
95.2 a
84.8 a
83.5 ab
71.4 abcdx
Acanthosicyos horridus
46.6 bc
60.4 a
96.3 a
88.3 a
84.4 ab
80.6 abc
Apodanthera sagittifolia
0.7 f
8.6 e
15.4 f
11.1 b
11.8 c
30.6 d
Coccinia grandis
10.9 e
16.6 d
31.7 e
73.9 a
75.0 ab
83.3 abc
Cucumis anguria
42.8 c
54.2 a
87.1 ab
88.6 a
Cucumis melo ‘Athena’
88.9 a
88.6 a
28.1 d
36.1 b
47.1 d
86.1 a
88.9 a
Cucumis zambianus
66.7 a
44.3 bc
24.0 cd
73.8 c
88.9 a
59.1 ab
87.5 ab
Cucurbita digitata
29.2 d
21.7 cd
33.3 e
25.0 b
77.5 ab
88.9 a
Cucurbita ecuadorensis
88.9
54.1 abc 54.2 a
87.7 ab
87.6 a
77.8 ab
79.0 abc
Ecballium elaterium
51.7
29.2
n.d.z
23.5
20.0
n.d.z
Gynostemma pentaphyllumy
57.8 ab
54.4 a
80.4 bc
88.9 a
80.7 ab
86.8 ab
Kedrostis leloja
14.0 e
29.5 bc
35.4 e
14.7 b
41.7 b
69.4 abc
Lagenaria sphaerica
41.5 c
17.1 d
34.6 e
88.9 a
76.8 ab
74.7 abc
Melothria scabra
14.9 e
28.6 bc
20.4 f
11.1 b
39.1 bc
58.9 c
Sicana odorifera
0.0 f
3.6 f
25.4 ef
13.8 b
25.0 c
62.3 bc
Zehneria pallidinervia
v
Each value is the mean of four replications of the final rating. Means with the same letters within seasons do not differ significantly,
Fisher’s least significant difference test, P = 0.05.
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w

Percentages of crowns with cankers were back-transformed from categorical data analysis in PROC CATMOD (SAS). Values >84.0

and values of E. elaterium correspond to percentages of 100.0 and values ≤14.0 correspond to percentages of 0.0 (no cankers present)
because a Bayes estimator was used in the analysis instead of the actual percentages.
x

Not significantly different from C. grandis due to missing values of A. horridus.

y

Excluded from analyses due to large number of plants killed by Pythium spp.

z

n.d. = no data due to exclusion of Gynostemma pentaphyllum after the first two seasons.
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Table 1.3. Area under the disease progress curve values calculated from incidence and severity of gummy stem blight on 15 cucurbit
species inoculated with Stagonosporopsis citrulli compared within three seasons in 2015 and 2016x
Foliar severity
Incidence of crown cankers
2015
2016 Spring
2016 Fall
2015
2016 Spring 2016 Fall
Acanthosicyos horridus
1005 c
488 cd
699 ef
1764 e
3014 abc
1012 ef
Spring
Apodanthera sagittifolia
1492 ab
716 bc
1771 a
2646 ab
1265 cd
2650 a
Coccinia grandis
12 g
148 e
240 j
0 gc
0 f
659 f
Cucumis anguria
429 d
502 cd
418 gh
1868 de
1648 bcd
2112 abc
Cucumis melo ‘Athena’
979 c
945 ab
1211 bc
3066 ab
5208 a
2555 a
Cucumis zambianus
934 c
852 bc
785 de
2100 cd
3195 ab
2650 a
Cucurbita digitata
1064 c
816 bc
920 d
2317 cd
761 de
2360 ab
e
Cucurbita ecuadorensis
921 c
624 bcd
554 fg
348 f
1696 bcd
2511 a
Ecballium elaterium
1796 a
1593 a
1234 b
2596 bc
3138 ab
2650 a
y
z
Gynostemma pentaphyllum
1715
510
n.d.
530
47
n.d.z
Kedrostis leloja
1385 b
761 bc
987 cd
3253 a
2361 bc
2337 ab
Lagenaria sphaerica
227 e
527 cd
533 fg
18 g
440 de
1709 bcd
Melothria scabra
823 c
352 d
372 hi
2412 c
1154 cd
1023 ef
Sicana odorifera
106 f
558 bcd
278 ij
0 g
123 ef
1191 def
Zehneria pallidinervia
0 g
64 f
352 hij
0 g
94 ef
1627 cde
x
Each value is the mean of four replications. Means with the same letters within experiments are not significantly different, Fisher’s
Species

least significant difference test, P = 0.05.
y
z

Excluded from analyses due to large number of plants killed by Pythium spp.
n.d. = no data due to exclusion of Gynostemma pentaphyllum after the first two experiments.
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Table 1.4. Contrasts among cucurbit tribes for area under the disease progress curve calculated from incidence of crown cankers and
severity of foliar blight
Incidence of crown cankersy
Tribe (No. spp.)
Benincaseae (8)
Bryonieae (1)
Coniandreae (2)
Cucurbiteae (3)

x

2015
987 b x
2596 a
2942 a
496 c

SE
425
0
304
14

2016
Spring
1326 b
3138 a
1773 ab
710 c

Severity of foliar blightz

SE 2016 Fall
647 1669 b
0 2650 a
548 2493
aaa
457 2021 ab

SE
261
0
157
417

2015
413 d
1796 a
1438 b
596 c

2016
Spring
SE
154
369 c
0 1593 a
54
738 b
298
657 b

SE 2016 Fall
108
543 b
0 1235 a
23 1350 a
77
553 b

SE
111
0
392
186

Each value is the mean of four replications. Means with the same lowercase or uppercase letters within seasons do not differ

significantly, single-degree-of-freedom contrasts, P = 0.05. SE = standard error, calculated from back-transformed values of individual
species.
y
z

Number of ratings in 2015, spring 2016 and fall 2016 were three, four and two, respectively.

Number of ratings in 2015, spring 2016 and fall 2016 were seven, nine and five, respectively.
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Table 1.5. Contrasts among geographic origins of cucurbits for area under the disease progress curve calculated from incidence of
crown cankers and severity of foliar blight
Geographic
Continent
(No.
originx
spp.)
Africa (8)
Europe (1)
North America (2)
South America (3)
x

2015
1051 b
2596 a
2364 a
546 c

Incidence of crown cankersx
SE
2016
SE 2016 Fall
Spring
470
0
1
15

1463 b
3138 a
947 b
859 b

642
0
197
469

1833 b
2650 a
1691 b
2117 a

SE
207
0
668
465

2015
458 d
1796 a
871 b
698 c

Severity of foliar blighty
SE
2016
SE
2016
Spring
Fall
184
0
121
402

407 c
1593 a
536 b
629 bc

111
0
232
46

SE

615 c
1235 a
616 c
753 b

Number of ratings in 2015, spring 2016 and fall 2016 were three, four and two, respectively. SE = standard error, calculated from

back-transformed values of individual species.
y

Number of ratings in 2015, spring 2016 and fall 2016 were seven, nine and five, respectively.

z

Each value is the mean of four replications. Means with the same lowercase or uppercase letters within seasons do not differ

significantly, single-degree-of-freedom contrasts, P = 0.05.
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117
0
274
459

Table 1.6. Daily increase of incidence of crown cankers caused by Stagonosporopsis citrulli compared within experiments for 15
cucurbit species
Species
2015 2016 Spring 2016 Fall
0.0 ew
0.8 abx
2.5 bcd
Acanthosicyos horridus
5.0 bc
0.1 b
4.2 a
Apodanthera sagittifolia
0.0 e
0.0 b
0.9 e
Coccinia grandis
x
0.0 e
3.1 abc
Cucumis anguria
0.0 b
x
8.2 a
4.0 a
Cucumis melo ‘Athena’
3.4 a
x
5.7 b
0.1 b
4.2 a
Cucumis zambianus
0.1 b
3.6 ab
Cucurbita digitata
2.5 d
0.0 e
0.8 ab
3.9 a
Cucurbita ecuadorensis
4.6 bc
1.7 a
4.2 a
Ecballium elaterium
y
0.0
0.0
n.d.z
Gynostemma pentaphyllum
9.6 a
2.0 a
3.5 abc
Kedrostis leloja
0.0 e
0.1 b
2.5 bcd
Lagenaria sphaerica
3.2 cd
0.1 b
0.9 e
Melothria scabra
0.0 e
0.0 b
1.6 de
Sicana odorifera
0.0 e
0.0 b
2.5 cd
Zehneria pallidinervia
w
Each value is the mean of four replications of the final rating. Means with the same letters within experiments do not differ
significantly, Fisher’s least significant difference test, P = 0.05. Rates were calculated for the interval between inoculation and the first
rating.
x

Slopes for species with cankers before inoculation were calculated between the first two ratings.

y

Excluded from analyses due to large number of plants killed by Pythium spp.
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z

n.d. = no data due to exclusion of Gynostemma pentaphyllum after the first two experiments.
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Table 1.7. Incidence of fruiting bodies of Stagonosporopsis citrulli compared within three
experiments in 2015 and 2016 for 15 cucurbit speciesv
23 July
6 August
Species
2015
2016
w
90.4 a
54.5 bc
Acanthosicyos horridus
95.5 a
10.4 de
Apodanthera sagittifolia
0.0 c
0.0 e
Coccinia grandis
5.7 bc
Cucumis anguria
17.8 de
93.3 a
Cucumis melo ‘Athena’
92.3 a
23.6 b
60.8 bc
Cucumis zambianus
27.0 b
13.5 de
Cucurbita digitata
0.0 c
38.3 cd
Cucurbita ecuadorensis
96.2 a
43.8 c
Ecballium elaterium
y
0.0 c
2.4 e
Gynostemma pentaphyllum
89.1 a
74.3 ab
Kedrostis leloja
0.0 c
7.3 e
Lagenaria sphaerica
14.4 bc
4.3 e
Melothria scabra
0.0 c
0.0 e
Sicana odorifera
0.0 c
3.5 e
Zehneria pallidinervia
v
Ratings include both pycnidia and pseudothecia.
w

16 October
2016
17.2 dex
83.3 ab
3.5 e
53.8 bc
96.5 a
82.3 ab
78.3 ab
67.8 ab
85.5 ab
n.d.z
58.3 bc
24.8 cde
0.0 e
23.3 de
30.0 cde

Each value is the mean of four replications of the final rating. Means with the same letters

within experiments do not differ significantly, Fisher’s least significant difference test, P = 0.05.
x

Not significantly different from C. grandis due to missing values of A. horridus.

y

Excluded from analyses due to large number of plants killed by Pythium spp.

z

n.d. = no data due to exclusion of Gynostemma pentaphyllum after the first two experiments.

41

Table 1.8. Updated list of cucurbit genera known to be susceptible to gummy stem blight caused by Stagonosporopsis spp.
Genus (No. spp.) Common name
Tribea
Acanthosicyos (1) Nara melon
Benincaseae
Apodanthera (1)
Argentinian melon Coniandreae
Benincasa (1)
Wax gourd
Benincaseae
Bryonia (3)
Bryony
Bryonieae
Citrullus (2)
Watermelon
Benincaseae
Coccinia (1)
Ivy gourd
Benincaseae
Cucumis (5)
Cucumber, melon
Benincaseae
Cucurbita (7)
Squash, pumpkin
Cucurbiteae
Cyclanthera (1)
Wild cucumber
Sicyoeae
Ecballium (1)
Squirting cucumber Bryonieae
Gynostemma (1)
Jiaogulan
Gomphogyneae
Kedrostis (1)
None
Coniandreae
Lagenaria (2)
Bottle gourd
Benincaseae
Luffa (2)
Loofah
Sicyoeae
Melothria (1)
Mouse melon
Benincaseae
Momordica (2)
Bitter melon
Momordiceae
Sechium (1)
Chayote
Sicyoeae
Sicana (1)
Cassabanana
Cucurbiteae
Sicyos (1)
Bur-cucumber
Sicyoeae
Siraitia (1)
Luohanguo
Siraitieae
Trichosanthes (1) Snake gourd
Sicyoeae
Zehneria (1)
Batwing vine
Benincaseae
a
Classification based on Schaefer and Renner (2011).

Reference
This study
This study
Wiant, 1945
Auerswald, 1869, in Corlett, 1981
Chester, 1891
This study
Passerini, 1885, in Corlett, 1981; this study
Grossenbacher, 1909; this study
Mendes et al., 1998, in Farr and Rossman, 2017
This study
This study
This study
Grossenbacher, 1909; this study
Grossenbacher, 1909
This study
Wiant, 1945
Wiant, 1945
This study
Greene, 1953, in Farr and Rossman, 2017
Jiang et al., 2015
Punithalingam and Holliday, 1972
This study
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Fig. 1.1. Typical symptoms of gummy stem blight on leaves of new cucurbit host species.
A, Diseased thorns of Acanthosicyos horridus colonized by Stagonosporopsis citrulli;
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thorn on the left with fruiting bodies of the pathogen. B, Three water-soaked lesions on a
leaf of Apodanthera sagittifolia. C, Lesion with abundant sporulation of S. citrulli on a
leaf of Ecballium elaterium.
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Fig. 1.2. Typical symptoms of gummy stem blight caused by Stagonosporopsis citrulli on
crowns of new cucurbit host species. A, Canker and abundant gummy exudate on crown
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of Apodanthera sagittifolia. B, Cankers and necrotic lesions on crown and stems of
Ecballium elaterium. C, Corky cankers on crown of Cucumis zambianus.
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CHAPTER TWO

OCCURRENCE OF FOLIAR PATHOGENS OF WATERMELON ON
COMMERCIAL FARMS IN SOUTH CAROLINA ESTIMATED WITH STRATIFIED
CLUSTER SAMPLING
Rennberger, G., Gerard, P., and Keinath, A. P. 2018. Occurrence of foliar pathogens of
watermelon on commercial farms in South Carolina estimated with stratified cluster
sampling. Plant Dis. 102:2285-2295. Available at: doi.org/10.1094/PDIS-03-18-0468-RE

Abstract
A survey of foliar pathogens of watermelon based on two-stage cluster sampling
was conducted on commercial farms in South Carolina in spring 2015, spring and fall 2016,
and fall 2017. In total, 60 fields from 27 different growers in seven counties representing
the main watermelon-producing areas in the state were sampled. In the sampling design,
counties corresponded to strata, growers to first-stage clusters, and fields to second-stage
clusters. In each field 100 symptomatic leaves were collected at five equidistant sampling
points along four transects encompassing a diamond shape of 2500 m2. After collection,
pathogens were identified based on reproductive structures formed on leaves during >12 h
incubation. Estimates for the statewide probability of pathogen occurrence and associations
between pathogen pairs were obtained with survey-specific statistical procedures. Six
fungal pathogens, Stagonosporopsis spp., Podosphaera xanthii, Cercospora citrullina,
Colletotrichum orbiculare, Myrothecium sensu lato (s.l.), and Corynespora cassiicola; the
oomycete Pseudoperonospora cubensis; and three viral pathogens were identified on the
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examined leaves. With the exception of fall 2017 Stagonosporopsis spp. was the most
prevalent pathogen in every season followed by P. xanthii. The highest occurrence of P.
cubensis was in spring 2015; it did not occur in 2016. The highest occurrence of C.
orbiculare was in spring 2016; it did not occur in spring 2015. Myrothecium s.l. was the
most common pathogen in fall 2017 and the second most common pathogen occurring by
itself in fall 2016. The third most common pathogen in fall 2017, Corynespora cassiicola
did not occur in any other season. Eight of 80 isolates of Stagonosporopsis spp. were
identified as S. caricae, the rest as S. citrulli. All isolates of S. caricae were found in spring
2015 and originated from two fields, one each in Barnwell and Beaufort counties. A total
of three positive and five negative associations were found between pathogen pairs cooccurring on the same leaf. Based on estimates of probability of pathogen occurrence
across seasons, Stagonosporopsis spp. and P. xanthii are by far the most common
pathogens on watermelons in South Carolina. This is the first report of C. cassiicola, S.
caricae, and Myrothecium s.l. on watermelon in South Carolina.
Introduction

Watermelon is an important vegetable crop in South Carolina, which ranks fifth in
the United States in watermelon production (USDA, 2014). With 2298 ha grown across all
46 counties of the state, the majority of the production is concentrated in the southern parts
of the central and coastal plains of the state. The most common production system is raised
beds covered with polyethylene mulch and drip irrigation. The main harvest season is in
June and July, but an additional crop may be harvested in September and October. In the
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southeastern United States, the crop takes approximately 78-91 days from transplanting to
harvest (Kemble et al. 2018).
On cucurbits, 13 foliar diseases are caused by fungi and oomycetes (Keinath et al.
2017). Gummy stem blight is caused by three genetically distinct but morphologically
indistinguishable fungal species of Stagonosporopsis. S. citrulli and S. cucurbitacearum
(syn. Didymella bryoniae) are host-specific to cucurbits, whereas S. caricae also infects
papaya (Carica papaya). S. citrulli has the widest distribution whereas S. cucurbitacearum
occurs only in temperate regions (Stewart et al. 2015). The disease can affect all
aboveground plant parts. On leaves typical symptoms are circular to triangular, tan to dark
brown, water-soaked lesions. Stagonosporopsis spp. produce tan to brown pycnidia and
brown to black pseudothecia. A temperature of 16-28°C and leaf wetness of >1 h are
necessary for infection and lesion expansion requires continuous leaf wetness. Moisture is
generally more important than temperature for disease development (Keinath 2017b).
Powdery mildew is a major cucurbit disease with worldwide distribution mainly
caused by the fungi Podosphaera xanthii and Golovinomyces cichoracearum, with P.
xanthii being the most commonly reported pathogen in the southeastern United States.
Cucurbit powdery mildew fungi are obligate parasites that are mainly dispersed via
airborne conidia. Symptoms can develop on both leaf surfaces, petioles, and stems and are
characterized by white powdery growth (McGrath 2017).
Cercospora leaf spot is caused by the fungus Cercospora citrullina, a taxon that
may be a species complex (Everts 2017; Groenewald et al. 2013). The disease is commonly
found on watermelon and other cucurbits (Everts et al. 2016). Tan to brown, small, circular
leaf spots are the main symptom of this disease. Crop debris and cucurbitaceous weeds
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serve as overwintering sites and spores of the pathogen can be transported long distances
when airborne. Conidiophores of C. citrullina are pale brown, not branched, and mostly
form in groups of 2-5 stalks. Conidia are hyaline, mulitseptate, up to 240 µm in length, and
wider at their base (Everts 2017).
The oomycete Pseudoperonospora cubensis is the causal agent of downy mildew,
one of the most important diseases of cucurbits. In the United States its resurgence in 2004
caused substantial crop losses in cucumber production, despite the use of cultivars that
were resistant prior to the disease outbreak in 2004. Symptoms of downy mildew can differ
greatly depending on the affected cucurbit species. General symptoms and signs on
cucurbits other than cucumber manifest themselves as small, irregular-shaped lesions on
the upper leaf surface accompanied by sporulation on the lower leaf surface (Hausbeck
2017; Holmes et al. 2015). Characteristic for P. cubensis are dichotomously branched,
hyaline sporangiophores and purplish, ovoid to ellipsoid sporangia (Hausbeck 2017). As a
biotrophic pathogen P. cubensis is unable to survive winters in regions where host plants
are absent (north of the 30th latitude). The presence and spread of the disease is therefore
dependent on the yearly long-distance transport of spores from source regions in the
southern United States. Whether a crop in a given field is infected depends on the number
of viable spores in the air surrounding the field, which is dependent on the number of spores
that are released from the source field and their dilution and survival during transport
(Neufeld et al. 2017). Recently, isolates of both mating types of the pathogen collected in
the southern United States were shown to be capable to produce oospores on cucumber and
cantaloupe. Considering this finding it appears possible that P. cubensis might also
overwinter as oospores in the southern United States (Thomas et al. 2017b).
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Anthracnose is a common disease of watermelon caused by the fungus
Colletotrichum orbiculare. There are three races of C. orbiculare, of which race 2 infects
all watermelon cultivars. Open-pollinated and heirloom cultivars are also susceptible to
races 1 and 2B (Keinath 2015a; Wasilwa et al. 1993). On leaves, anthracnose lesions are
dark brown, angular and can appear as typical “shot-holes”. Anthracnose lesions may also
affect petioles, vines, and fruits of susceptible cucurbits. Conidia appear as typical salmoncolored spore masses on acervuli and are disseminated predominantly by rain splashes and
wind. A minimum of two hours of leaf wetness is required for infection, but no additional
leaf wetness is necessary for lesion expansion. (Keinath 2017a).
Target spot is a plant disease caused by the fungus Corynespora cassiicola. The
host range of this pathogen is very wide, with more than 530 plant species and even reports
of infected human skin and corneas (Dixon et al. 2007; Mahgoub 1969; Yamada et al.
2013). Among cucurbits, cucumbers are most commonly affected, and symptoms on leaves
appear as small, angular, water-soaked lesions. C. cassiicola overwinters on crop debris
and is disseminated through airborne conidia. The conidiophores of C. cassiicola appear
iridescent and pale grey or brown. Conidia are born singly or in short chains, pale brown
to brown, characteristically pseudoseptate and with a distinct hilum on the end. Conditions
of high humidity, temperatures of 25 to 35°C, and free moisture on plants promote infection
by C. cassiicola and disease development (Williams and Vallad 2017).
Myrothecium leaf spot is a disease caused by one or more species in the species
complex Myrothecium sensu lato (s.l.) (Bruton and Fish 2017; Lombard et al. 2016). In
addition to the foliar phase, the disease can affect crowns, stems, and fruits, then referred
to as crater rot. Lesions on leaves are round to irregular-shaped and often form concentric
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rings with abundant olive green to black spore masses on sporodochia (Bruton and Fish
2017).
The literature on surveys of cucurbit diseases is scarce. The majority of surveys
have been conducted on viruses that affect cucurbitaceous crops (Ali et al. 2012; Coutts
and Jones 2005; Köklü and Yilmaz 2006; Papayiannis et al. 2005; Sammons et al. 1989;
Ullman et al. 1991). Only two of these studies were conducted on the United States
mainland, and none of the results were analyzed statistically (Ali et al. 2012; Sammons et
al. 1989). In the past 20 years only one survey of foliar diseases of a cucurbit crop was
conducted in the southeastern United States. Over the course of three seasons in the late
1990’s, Peterson and Campbell (2002) examined 5400 leaves with leaf spots collected from
cucumber fields from 11 counties in North Carolina. Although the number of examined
leaves was sufficient and the collection of leaves within a given field was appropriate, there
were some shortcomings in their survey. The sampled fields were not selected
systematically based on probability, and it is not clear how many fields per county were
sampled. The results of pathogen occurrence were not analyzed statistically (Peterson and
Campbell 2002).
Despite the lack of accurate field data of pathogen occurrence, watermelon diseases
and their management were ranked as top priorities in a recent opinion survey of
researchers and extension specialists. Fusarium wilt and gummy stem blight were regarded
as most pressing issues in watermelon production followed by anthracnose, Cucumber
green mottle mosaic virus, and powdery mildew (Kousik et al. 2016). Due to the fact that
different fungicides and management strategies are needed to control different cucurbit
pathogens, accurate information about their occurrence on commercial farms is crucial to
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improve recommendations for growers (Kemble et al. 2018; Keinath 2018).
In stratified sampling the population is subdivided into disjoint subpopulations
called strata that encompass the entire population. A simple random sample (SRS) is then
taken from each stratum. Each sampling unit is a member of only one stratum. Stratified
sampling has the advantage of avoiding unrepresentative samples and providing generally
more precise estimates than SRS, especially when there are substantial differences among
strata. In cluster sampling the population is divided into groups of units, which are called
clusters. Often, there are secondary sampling units within the clusters. In 1-stage-cluster
sampling, a SRS of clusters is taken, and all units within the chosen clusters are observed.
In 2-stage-cluster sampling, a SRS of units within the chosen first-stage clusters is taken,
but not all units within the chosen clusters are observed. Cluster sampling is used for
geographically widespread sampling units, because collection time and costs can be
limited. However, the precision of estimators in cluster sampling is typically decreased
compared to SRS. Cluster sampling is most efficient when the clusters are relatively
homogeneous. Stratification and clustering can be combined in sampling designs to fit
specific circumstances (Rao 2000).
The objectives of this study were to i) determine the most prevalent foliar pathogens
of watermelons in South Carolina, ii) compare the occurrence of foliar pathogens between
the selected counties and fields and characterize the differences between them, and iii)
investigate associations between pathogens. By using a complex sampling design with
stratification, clustering, and appropriate statistical analysis methods specifically designed
for survey data, representative statewide estimates of pathogen occurrence on symptomatic
leaves were obtained.
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Materials and Methods

Sampling design. A stratified two-stage cluster sampling design was used to
sample symptomatic watermelon leaves from commercial fields in 2015 and 2016. In 2016
both spring and fall crops were sampled. The strata were preselected counties with the
highest recorded watermelon acreage in South Carolina (USDA, NASS 2014). Six counties
were sampled in 2015, seven in the spring of 2016, and six in the fall of 2016 (Table 2.1).
In fall 2017 only two growers in Beaufort County grew watermelons. Two fields from each
of those two growers were sampled. Thus, the sampling in fall 2017 lacked stratification
and a second layer of clustering and was therefore a simple cluster sample among the fields
of each of the two growers.
Growers, who were selected randomly from a compiled list obtained from Clemson
Cooperative Extension agents, represented the first level of clustering within each county.
Sixteen, 17, 7, and 2 different growers were included in spring 2015, spring 2016, fall 2016,
and fall 2017, respectively. In total, fields from 27 different growers were sampled, of
which one was sampled in all four seasons; one was sampled in 2015, spring 2016, and fall
2016; eight were sampled in both spring 2015 and 2016; one was sampled in both seasons
of 2016; one was sampled in fall 2016 and fall 2017; six growers were sampled only in
2015; six growers were sampled only in spring 2016; and three growers were sampled only
in fall 2016 (Fig. 2.1).
The randomly selected fields represented the second level of clustering in the
sampling design. In 2015 leaves were collected from a total of 21 fields, in the spring of
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2016 from 24 fields, and in the fall of 2016 from 11 fields (Table 2.1). The number of fields
sampled per county was assigned using proportional allocation based on the watermelon
acreage per county (Rao 2000). If a grower had one watermelon field, that field was
sampled; if the grower had two fields, one was chosen randomly; if the grower had three
or four fields, two were chosen randomly; and if the grower had five or more fields, three
were chosen randomly. All fields were sampled within 1 week of harvest starting or ending.
In each field an area of 2500 m2 (0.62 ac) was sampled. A diamond shape consisting
of four perpendicular transects 50 m in length was sampled in each field. The location
within each field was chosen away from the edges of the field if possible. Along each
transect five leaves with spots were collected at each of five sampling points spaced 10 m
apart resulting in a total of 20 sampling points and 100 symptomatic leaves collected per
field. Additional information about cultivar and fungicides applied within 7 days and
within 7 to 14 days prior to sampling was obtained from growers. GPS coordinates for each
field were determined and saved prior to sampling. To prevent confounding of the factor
county with sampling date and plant age, samples from at least two counties were taken on
any given sampling day in spring and fall of 2016.
Leaf processing. Leaves from each sampling point were placed in a separate plastic
bag and transferred to a cooler after sampling of a field was completed. Upon arrival at the
laboratory, bags with leaves from 1 to 2 fields were incubated under constant light and high
relative humidity for 12 to 25 h. Remaining samples were stored at 8°C until initial samples
were processed, incubated and examined, so that all leaves collected on an individual
sampling day were processed within 72 h after collection. Leaves were examined with a
stereomicroscope at 7x to 45x magnification, and reproductive structures observed were

55

used for identification of pathogens. Presence of pathogens was recorded for each leaf.
When no pathogens could be identified on any leaf from a sampling point, one lesion from
each of four leaves per sampling point was surface disinfested in 0.825% sodium
hypochlorite for 60 s, rinsed in autoclaved deionized water, and placed onto quarterstrength potato dextrose agar (QPDA) amended with 0.1 g/liter chloramphenicol, 0.1 g/liter
streptomycin and 45.3 µl/liter mefenoxam (Ridomil Gold SL, Syngenta) for pathogen
recovery (Keinath 2008). Four leaves from each sampling point were cultured for all four
fields that were sampled in fall 2017. Because of the large number of leaves with typical
symptoms of GSB but no signs of the pathogen in spring 2015 and spring 2016, the number
of leaves in this category were recorded in fall 2016 and fall 2017. For identification of
powdery mildew fungi, conidia of three isolates from each of spring 2015 and spring 2016
were mounted in 3% aqueous potassium hydroxide and examined microscopically for the
presence of fibrosin bodies (Kable and Ballantyne 1963).
Molecular identification. In fall 2016, in fields where symptoms of viral diseases
were found, a subsample of 10 leaves per field was sent to a commercial laboratory (Agdia
Incorporated, Elkhart, IN) for ELISA testing with specific antibodies for 14 viruses
pathogenic to watermelon and a general antibody for the Potyvirus group. Identification of
the begomovirus found in fall 2017 is in progress (Keinath et al. in prep.). Isolates of
Stagonosporopsis spp. obtained as described above were stored on dried filter paper at 20°C in the dark until further use. In total 80 isolates representing five fields, four growers,
and three seasons (Table 2.5) were saved for species identification with a multiplex
polymerase chain reaction (PCR) assay (Brewer et al. 2015). Briefly, agar plugs of actively
growing cultures were transferred to plastic containers containing autoclaved 2.4% potato
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dextrose broth and incubated in the dark for 7 days at 22°C. Mycelium was harvested and
added to 2-ml tubes containing a ceramic bead, two scoops of fine sand, and 500 µl of lysis
buffer (400mM Tris [pH 8], 60 mM EDTA [pH 8], 150 mM NaCl). Tissue was lysed for
two cycles of 20 s in a bead beater (FastPrep-24, M.P. Biomedicals, Irvine, CA) after which
50 µl of 10% sodium dodecyl sulfate was added and vortexed. After 10 min at room
temperature, 150 µl of potassium acetate [pH 4.8] was added to the sample, vortexed, and
centrifuged at 10,000 × g for 1 min. The supernatant was removed, 10 µl of RNase A were
added, and samples were incubated at 37°C for 20 min. Subsequently, samples were
centrifuged again at 10,000 × g for 1 min and the supernatant (600 µl) was added to 600 µl
of isopropanol and gently mixed by inversion for 1 min followed by centrifuging at 10,000
× g for 2 min. The supernatant was discarded, and the DNA pellet was rinsed with 70%
ethanol, dried, and resuspended in 50 µl sterile water. The concentration of the extracted
DNA was measured using the Qubit dsDNA BR Assay Kit (Invitrogen, Thermo Fisher
Scientific, Waltham, MA) according to the manufacturer’s instructions. The extracted
DNA was adjusted to a concentration of 10 ng/µl and used as template in the PCR reactions.
The three primer pairs Db01F (5’CGGTCCGGTCAACCTACTAC’3) and Db01R
(5’CACGCCAGCAAATCTCACTA’3), Db05F (5’TATGACGTTGGGCAAGT-GAG
’3) and Db05R (5’TTTGCTGGGATGGTGTT-GTA ’3) and Db06F (5’GGTGACATCTTGCGTGAATG ’3) and Db06R (5’TGGTTGTTT-GGTTGTTTGGA ’3) were used in
the multiplex PCR. These primers produce specific bands for each of the three species of
Stagonosporopsis. The Db01 locus is only amplified in S. citrulli, Db06 amplifies
fragments of S. citrulli and S. cucurbitacearum, and Db05 amplifies fragments in all three
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species (Brewer et al. 2015). A total volume of 15 µl was used for the PCR reactions. The
reactions consisted of 3 µl of 5× buffer 1.5 µl dNTPs, 0.09 µl of GoTaq (Promega,
Madison, WI), 0.75 µl of each primer, and 1 µl of DNA template. In each PCR, reactions
with DNA of isolates with known species identity were included as controls. Isolate RV16
served as control for S. caricae, isolate GSB19 for S. cucurbitacearum, and isolate C68 for
S. citrulli (Brewer et al. 2015, Stewart et al. 2015). Thermal cycling was initiated by
denaturation at 94°C for 2 min. This was followed by 35 cycles of 94°C for 30 s, 55°C for
30 s, and 72°C for 30 s. A final step of 72°C for 5 min completed the PCR. The entire
volume of amplified product was separated on a 2.5% (wt/vol) agarose gel containing 1×
SYBR Safe nucleic acid gel stain (Invitrogen, Thermo Fisher Scientific, Waltham, MA),
which was run at 95 V for 2 hours and visualized with a molecular imager (Gel Doc XR+,
Bio-Rad Laboratories Inc., Hercules, CA).
Data analysis. SAS (SAS Institute Inc., Cary, NC) statistical software was used for
all analyses. PROC SURVEYMEANS was used to obtain estimates of the overall
proportions of pathogen occurrence on leaves with spots. The county a given sample was
collected from was specified as stratum variable, and the grower was specified as cluster
variable. The incidence of a pathogen was the response variable, and proportions were
estimated separately for each pathogen. Sampling weights were specified to account for
the probability of choosing a particular field. They were calculated with the following
formula: w = 1/((a*b)/(c*d)), where a = the number of selected growers within a county,
b = number of selected fields within the county in a, c = total number of growers of the
county in a, and d = total number of fields of the county in a (Table 2.1). In a combined
analysis, data from all seasons were analyzed together by including each county-season
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combination as a separate stratum. In order to compare the obtained estimates of overall
pathogen occurrence, SAS PROC SURVEYMEANS was used to calculate 95%
confidence intervals for the differences in occurrence between pathogen pairs. These
differences were computed separately for each field. Associations between pathogen pairs
were calculated with PROC SURVEYFREQ. Strata and cluster variables and sampling
weights were accounted for in the analysis as described for estimation of overall means.
The chisq option was used to calculate Rao-Scott Chi-Square tests for each pathogen
combination (Rao and Scott 1981, 1984, 1987).

Results

Environmental conditions during sampling. The average temperatures
prevailing in the months during which the sampling was carried out were all elevated
compared to the 30-year average of the region (Table 2.2). In July and September 2016 the
mean monthly temperature was more than 2°C higher than normal (National Weather
Service Forecast Office 2018). In the other months, June and July 2015, June and October
2016, and September 2017, the mean temperatures were elevated from 0.6 to 1.8°C
compared to the 30-year average. The departures from normal also were great for total
monthly precipitation (Table 2.2). Spring 2016 was an unusually dry season. In June and
July the total precipitation was 115.5 and 84.8 mm below that of the previous year, which
amounts to 63.8 and 54.6 mm below the 30-year average, respectively. In contrast to that,
the fall of 2016 was wetter than normal. Both September and October received ≥266 mm
of total precipitation, which was 156.7 and 170.9 mm above the average for these months.
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June and July 2015 and September 2017 received precipitation only slightly above the
average, ranging from 14.2 to 51.8 mm precipitation above the average.
Occurrence of pathogens. In spring 2015, spring 2016, and fall 2017, the highest
percentage of leaves had no pathogen structures. The proportion of leaves without
pathogens ranged from 24.1% in fall 2016 when it was lowest to 38.3% in fall 2017 when
it was highest. Among leaves with only a single pathogen, the most common pathogen was
by far Stagonosporopsis spp., which occurred at the highest frequency of all pathogens in
spring 2015, spring 2016 and fall 2016. In fall 2016 signs of Stagonosporopsis spp. were
present on 64.0% of all examined leaves (n = 1100), and typical symptoms of GSB were
found on an additional 19.6% of leaves. Based on the condition that leaves were only
cultured when no pathogens could be identified on any of the five leaves from a given
sampling point, 10.4% of the 48 leaves cultured in fall 2016 yielded Stagonosporopsis spp.,
while the rest yielded no plant pathogenic fungi. In fall 2017 signs of the pathogen were
found on 26.3% of leaves (n = 400). Typical symptoms of GSB but no signs of the pathogen
were found on 35.3% of leaves, while 38.5% had neither symptoms nor signs.
Fibrosin bodies were present in conidia of all isolates of powdery mildew examined
in 2015 and 2016, which confirmed their identity as P. xanthii (McGrath 2017). In spring
2015 and 2016, P. xanthii was the second most frequent pathogen observed. P. xanthii,
however, occurred only about a third as often as Stagonosporopsis spp. in 2015. Out of the
21 fields sampled in spring 2015, Stagonosporopsis spp. was the most prevalent pathogen
in 13 fields, and P. cubensis and P. xanthii each were the predominant pathogen in four of
the remaining eight fields. In spring 2016, however, there were almost as many leaves with
P. xanthii as with Stagonosporopsis spp. As in the previous season, Stagonosporopsis spp.
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was the most prevalent pathogen in 13 of the 24 fields, but P. xanthii was the most frequent
in nine fields. In the other two fields C. orbiculare was found most frequently. In fall 2016
Stagonosporopsis spp. was the most common pathogen occurring by itself, followed by
Myrothecium s.l. In fall 2016 Stagonosporopsis spp., P. xanthii, or Myrothecium s.l. was
the most prevalent pathogen in eight, two, and one field out of the 11 fields sampled,
respectively. By itself, however, P. xanthii occurred on less than 2.5% of leaves in fall
2016, and in fall 2017 it was one of the two least frequent pathogens occurring without
other pathogens. The occurrence of P. cubensis was highest in spring 2015 and rare in fall
2017. It did not occur at all in the two 2016 seasons. The percentage of leaves with only C.
orbiculare was highest in spring 2016 and very low in fall 2016 and 2017. C. orbiculare
did not occur in spring 2015. Myrothecium s.l. was the second most common pathogen
occurring by itself in fall 2016 and the most common in fall 2017. It was not detected in
2015 and was infrequent in spring 2016. The third most common pathogen in fall 2017,
Corynespora cassiicola, did not occur in any other season. Stagonosporopsis spp. and
Myrothecium s.l. each were the most prevalent pathogens in two of the four fields that were
sampled in fall 2017. In fall 2016 viral pathogens were found in two fields, one in Bamberg
County and one in Barnwell County. Based on ELISA testing, watermelon plants in those
two fields were co-infected by Papaya ringspot virus (PRSV) and Zucchini yellow mosaic
virus (ZYMV). In fall 2017, a begomovirus was detected in two of the four fields sampled
at low frequency (2 to 4%).
Estimates for probability of statewide pathogen occurrence. Stagonosporopsis
spp. was the pathogen most likely to occur in all seasons except in fall 2017, when
Myrothecium s.l. had an equally high probability of occurrence (Fig. 2.2). From spring
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2015 to spring 2016 there was a marked decrease in the estimated probability of occurrence
for Stagonosporopsis spp., which then increased to its highest level in fall 2016. The
estimates for Stagonosporopsis spp. from the four fields that were sampled in fall 2017
were the lowest of all seasons. P. xanthii had the second highest estimates of occurrence in
spring 2015 and spring 2016. In fall 2016 Myrothecium s.l. was as likely to occur as P.
xanthii. With the exception of three leaves with Pseudoperonospora cubensis in fall 2017,
this pathogen only occurred in spring 2015. That season, its likelihood of occurrence was
comparable to that of P. xanthii. Cercospora citrullina and C. orbiculare both occurred in
all seasons with very low probabilities of ≤7%. In fall 2017 Myrothecium s.l. were the
pathogens with the highest probability of occurrence. The causal agent of target spot of
cucurbits, Coryenospora cassiicola, occurred only in fall 2017. Its probability of
occurrence was low but nonetheless was the third highest among all observed pathogens
that season. Viral pathogens were only found in fall 2016 and fall 2017. Both seasons their
probability of occurrence was among the lowest (Fig. 2.2).
Across seasons the probability of occurrence for Stagonosporopsis spp. was
significantly higher than for all other pathogens that were found throughout this survey
(based on 95% confidence intervals) (Fig. 2.3). Only leaves with no pathogens were as
likely to occur as leaves with Stagonosporopsis spp. Overall, P. xanthii was the pathogen
second most likely to occur on watermelon leaves in South Carolina. It was significantly
more likely to occur than any other pathogen except Stagonosporopsis spp. There was no
statistical difference in the probability of occurrence among the four pathogens Cercospora
citrullina, Colletotrichum orbiculare, Myrothecium s.l., and Pseudoperonospora cubensis
except that C. citrullina was significantly more likely to occur than C. orbiculare and P.
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cubensis. Their overall probabilities of occurrence ranged from 3.8 to 6.0%. These
pathogens were much less likely to occur than both Stagonosporopsis spp. and P. xanthii.
The remaining pathogens, C. cassiicola, PRSV, ZYMV, and begomovirus, were found in
low frequencies in only one season and therefore were excluded from the combined
analysis across seasons.
Species of Stagonosporopsis spp. Of the 80 isolates of Stagonosporopsis spp.
identified to species during this study, eight were identified as S. caricae. The remaining
72 isolates were identified as S. citrulli. S. caricae was found in Barnwell and Beaufort
counties in spring 2015 but not in 2016 or 2017. All isolates collected in Hampton County
were identified as S. citrulli. Although in spring 2015 the incidence of S. caricae was 21.4%
in the field sampled in Beaufort County, all 38 isolates collected in fall 2017 in Beaufort
were S. citrulli. The fields sampled in these two seasons were from different growers. The
incidence of S. caricae in the field in Barnwell County in spring 2015 was 25.0%.
Associations between pathogens. A total of 7, 10, 7, and 11 different combinations
of two pathogens occurred together on the same leaf in spring 2015, spring 2016, fall 2016,
and fall 2017, respectively (Table 2.3, 2.4). The most common pathogen pair occurring
together on the same leaf was P. xanthii and Stagonosporopsis spp. in all seasons.
Combinations of three pathogens occurring together on the same leaf were observed on
<5% of sampled leaves in all seasons. There were 4, 6, 2, and 14 different combinations of
three pathogens that occurred on the same leaf in the four seasons. A few leaves with four
different pathogens were observed with one combination in spring 2015 and two different
combinations in spring 2016 and fall 2017. Over the course of the entire study, there were
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a total of 19, 21, and 5 combinations of two, three, and four pathogens co-occurring on the
same leaves (Table 2.3, 2.4).
Statistical analyses of the frequencies of pathogen occurrence revealed a number of
significant associations between pathogen pairs (Table 2.6). In two seasons, spring 2015
and spring 2016, there was a positive association between Stagonosporopsis spp. and C.
citrullina (P < 0.0001). When Stagonosporopsis spp. were present on a watermelon leaf, it
was more likely for C. citrullina to be present than on leaves where Stagonosporopsis spp.
was not present. In fall 2016 Stagonosporopsis spp. and P. xanthii also were positively
associated with each other (P < 0.0001), meaning that when Stagonosporopsis spp. were
present on a watermelon leaf, it was more likely for P. xanthii to be present. In spring 2016
there was a negative association between Stagonosporopsis spp. and C. orbiculare. It was
less likely for C. orbiculare to occur on a leaf when Stagonosporopsis spp. was present on
that leaf. In fall 2016 Stagonosporopsis spp. and Myrothecium s.l. were dissociated with
one another (P < 0.0001), and there was a positive association between Stagonosporopsis
spp. and viral pathogens (P = 0.0002).
Apart from Stagonosporopsis spp., P. xanthii also had several significant
associations with other pathogens throughout the survey. In spring 2016 there were
dissociations with C. citrullina (P = 0.0001) and C. orbiculare (P = 0.0394), and in fall
2016 there was a dissociation with Myrothecium s.l. (P = 0.0002) in addition to the already
mentioned positive association with Stagonosporopsis spp. (Table 2.6).
Fungicides applied in fall seasons. On the 11 fields sampled in fall 2016 a total of
16 different fungicides was applied within 2 weeks prior to sampling. Seven of these were
effective against GSB. In fall 2016 all but one field received at least two fungicides
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effective against GSB. On the 4 fields sampled in fall 2017, a total of 12 different
fungicides was applied within the 2 weeks prior to sampling. Of these fungicides, three
were effective against GSB. All four fields sampled in fall 2017 received at least three
fungicides effective against GSB. All four were treated with cyprodinil, a FRAC group 9
fungicide, and fludioxonil, a FRAC group 12 fungicide. (Table 2.7).

Discussion

In this study a total of 5999 symptomatic leaves from 60 fields in the main
watermelon growing counties in South Carolina were examined for foliar pathogens in four
seasons from spring 2015 to fall 2017. To the best of our knowledge this study is the first
multi-season survey of foliar diseases of watermelon in the United States with an
appropriate underlying sampling design and statistical analysis. The overall most prevalent
pathogen was Stagonosporopsis spp., the causal agent of GSB. The fact that an additional
20-35% of leaves had typical symptoms of GSB in the fall seasons of 2016 and 2017
indicates that Stagonosporopsis spp. was even more prevalent than could be estimated in
this study. The lack of sporulation of Stagonosporopsis spp. as observed in the fall seasons
in 2016 and 2017 might have been caused by the intensive application of fungicides applied
to the fields that were sampled in those two seasons. The fact that the majority of fields
received three or more applications of fungicides with activity against Stagonosporopsis
spp. within a 2-week period prior to sampling supports this explanation (Rennberger et al.,
in prep.). Inhibitory effects of fungicides on the sporulation of fungal pathogens have been
shown in previous studies. Quinone-outside-inhibitor fungicides were found to reduce
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sporulation of the brown rot pathogen Monilinia fructicola of peaches. The sporulating
area on fruits and twig cankers was reduced 50 to 70%, while the colony growth reduction
was only ≤12% (Burnett et al. 2010). Similarly, tricyclazole and azoxystrobin were shown
to reduce the sporulation of Magnaporthe oryzae, the rice blast fungus (Kunova et al.
2013). Based on the observations in this study, we are examining the effects of fungicides
on sporulation by Stagonosporopsis spp.
The overall second most prevalent pathogen was P. xanthii, which causes powdery
mildew of cucurbits. The high occurrence of P. xanthii, especially in the more humid fall
seasons was somewhat unexpected but an important observation. In spring 2016 the
frequency of leaves with P. xanthii and the estimated probability of occurrence of this
pathogen were almost as high as for Stagonosporopsis spp. Occurrence of P. xanthii was
comparable to Stagonosporopsis spp. in spring 2016. The majority of the watermelon
cultivars planted in the fields sampled in this study were triploid cultivars, which were
found to be less susceptible to powdery mildew than diploid cultivars (Keinath and Hassel
2000). Nonetheless, powdery mildew consistently was one of the most prevalent diseases
found in this survey. Growing triploid cultivars is therefore a practice insufficient to
manage powdery mildew, and fungicides should be applied to triploid and diploid cultivars
(Keinath 2015c; Keinath and DuBose 2004).
Overall, the estimates for the probability of occurrence in the state were low to very
low for the other six pathogens that were found in this survey. Apart from C. citrullina,
which occurred in every season, all pathogens other than the two most prevalent ones were
absent in at least one season. Cercospora leaf spot was reported to occur along with
anthracnose, gummy stem blight, and downy mildew on watermelon in research plots in

66

Maryland in 2012 and 2013 (Everts et al. 2016). The occurrence of P. cubensis in this study
was low and can be characterized as sporadic, since it was not found in the two seasons in
2016 and only at a very minor level in fall 2017. Apart from four fields where P. cubensis
was the predominant pathogen, it also occurred infrequently on cucumbers in North
Carolina. However, the survey by Peterson and Campbell in the late 1990s was done before
the introduction of the A1 mating type, which is very virulent on cucumber (Holmes et al.
2015; Thomas et al. 2017c). Consistent with the suggestion by Peterson and Campbell
(2002), this sporadic occurrence that is difficult to predict is most likely due to the reliance
on windborne dissemination and the lack of overwintering in the Carolinas by the pathogen
(Hausbeck 2017; Holmes et al. 2015). Another possible explanation for the infrequent
occurrence of this pathogen might be that there are two distinct, genetic lineages of P.
cubensis with host specialization. A distinct genetic cluster within lineage 1 was
predominantly found on C. lanatus (Thomas et al. 2017b,c). This particular cluster may
not be as common as isolates pathogenic on other cucurbits.
Peterson and Campbell (2002) examined 5400 cucumber leaves with leaf spots in
North Carolina from 1996 to 1998. In contrast to the results of the present survey, C.
orbiculare was the most prevalent pathogen in two of the three seasons (1996 and 1998)
and in a majority of the fields included in their study, while Stagonosporopsis spp.
(formerly D. bryoniae) was the predominant pathogen in 1997 only. Overall,
Stagonosporopsis spp. was the second most frequent pathogen in the survey in North
Carolina. It was the most prevalent pathogen in 2 of 6, 7 of 18, and 6 of 24 sites sampled
in their study. The greater occurrence of Stagonosporopsis spp. in the current study
compared to Peterson and Campbell’s (2002) survey can be explained, in part, by the fact
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that watermelon generally is a more susceptible crop than cucumber (Keinath 2014c). The
occurrence of C. orbiculare in South Carolina throughout the present study was very low;
the <4% estimated probability on watermelon fields in the state is significantly lower than
that of Stagonosporopsis spp. and P. xanthii. With regards to P. xanthii, there is a stark
difference between Peterson and Campbell’s study and the present one. While there was
no observation of this pathogen on cucumbers in North Carolina, it was a major pathogen
in our survey, second only to Stagonosporopsis spp. The likely explanation for this is that
cucumber growers in North Carolina planted cultivars resistant to powdery mildew
(Peterson and Campbell 2002). On the other hand, there is currently only a single
commercial watermelon cultivar resistant to powdery mildew, ‘Lemon Krush’, and it was
not planted in any of the 60 fields sampled for this survey (Kemble et al. 2018).
The prevalence of Stagonosporopsis spp., a pathogen dependent on humid
conditions, and P. xanthii, a pathogen capable of development under drier conditions, was
clearly influenced by the environmental conditions that prevailed during sampling (Keinath
2017b, McGrath 2017). In spring 2016 the combined rainfall in June and July was less than
half of that of the previous year, while fall 2016 was the most humid season with somewhat
lower temperatures (Table 2.2). The estimated occurrence of Stagonosporopsis spp.
dropped almost 15% from spring 2015 to spring 2016 and then rose more than 20% in fall
2016, above its level in spring 2015. The estimated occurrence of P. xanthii however
followed a reverse trend. From spring 2015 to spring 2016 it rose almost 9% from where
it dropped more than 13% below its level in spring 2015. The drier conditions in spring
2016 thus favored P. xanthii.
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In the survey by Peterson and Campbell (2002), C. cassiicola occurred in every
season and was the most prevalent pathogen in four fields that were sampled in 1997. In
contrast, the present study is the first report of C. cassiicola on watermelon in South
Carolina. Apart from this study, there is only one other U. S. state, North Carolina, where
watermelon was reported as a host of this pathogen (Grand 1985, Farr and Rossman 2018).
This indicates that the isolates of C. cassiicola present in the Carolinas might have a unique
host adaptation that enables them to utilize watermelon as an additional host. Considering
the wide host range of more than 530 plant species, and the fact that there are many
different host range and host specificity patterns among isolates of C. cassiicola, it appears
possible that only a small subset of isolates in a small geographic region would be adapted
to infect watermelon (Cutrim and Silva 2003, Dixon et al. 2009, Farr and Rossman 2018,
Onesirosan et al. 1974).
Peterson and Campbell (2002) tested associations between pathogen pairs using a
2-by-2 contingency table chi-square analysis whenever pathogens occurred together at
least five times in a field. No such restriction was used in the present study; instead, all
leaves were included to test pathogen associations, separately for each season. Peterson
and Campbell (2002) found significant associations for six different pathogen pairs. A
negative association between C. orbiculare and Stagonosporopsis spp. accounted for more
than half of them and occurred in all three seasons. In the current study, associations
between pathogen pairs were analyzed using a Rao-Scott chi-square test, which includes
adjustments necessary to account for effects of clustering in the survey design, which can
otherwise impact the significance level of the test (Rao and Scott 1984, 1987). Turechek
and Madden (2000) used the Jaccard similarity index to analyze the association between
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leaf blight caused by Phomopsis obscurans and leaf spot caused by Ramularia grevilleana
(syn. Mycosphaerella fragariae) on strawberries. They argued that the method of the
Jaccard similarity index is more suitable to analyze associations between plant pathogens,
because it does not use information of sampling units when neither pathogen occurs and
because it does not assume that the pathogens are randomly distributed. The Rao-Scott test
used in this study, however, has the advantage of accounting for the sampling design and
a more straightforward estimation method of standard errors compared to the Jaccard
similarity index. Turechek and Madden (2000) found that P. obscurans and R. grevilleana
were distributed independently and that there was a general lack of co-occurrence between
the two pathogens. Many studies have found aggregation of plant pathogens, but random
spatial patterns of diseases also are not uncommon. Oerke et al. (2010) studied the spatial
patterns of Fusarium head blight pathogens in wheat fields and found that most species of
Fusarium spp. were distributed randomly. Their results indicate that spatial distributions
of plant pathogens are influenced by many factors such as inoculum source, spore type,
kind of dispersal, host availability and micro-climate. Species that depended on splash
dispersal tended to be more aggregated, whereas species that relied on wind dispersal had
a predominantly random distribution (Oerke et al. 2010). Especially for wind-dispersed
foliar pathogens, such as Stagonosporopsis spp., P. cubensis, P. xanthii, and C. citrullina,
and aphid-transmitted viruses, the assumption of a random distribution within the sampled
fields seems therefore adequate.
In spring 2016 we observed the same association Peterson and Campbell (2002)
encountered so frequently. Stagonosporopsis spp. and C. orbiculare were dissociated with
one another, meaning that it was less likely for the former to occur on the same leaf, if the
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latter was present on that leaf or vice versa (Table 2.6). Our finding of a negative
association between these two pathogens in spring 2016 agrees with the report from North
Carolina. Peterson and Campbell (2002) suggested that the two pathogens might occupy
distinct ecological niches in the plant canopy. However, considering the great overlap of
the environmental conditions required for development of the two pathogens this seems
unlikely (Monroe et al. 1997; van Steekelenburg 1982). With short leaf wetness periods C.
orbiculare may be more likely than Stagonosporopsis spp. to infect a leaf. In fall 2016,
there was a positive association between Stagonosporopsis spp. and P. xanthii. Bergstrom
et al. (1982) suggested that infection by P. xanthii predisposes cucurbits to infection by
Stagonosporopsis spp. by facilitating nutrient release from the host that supports conidia
germination. Although it has been shown that exogenous nutrients enhance spore
germination and infection rates by Stagonosporopsis spp., because the only positive
association between the two most common pathogens in the present study, P. xanthii and
Stagonosporopsis spp., was in fall 2016, it is possible that environmental conditions
favorable for the development of both pathogens promoted their co-occurrence rather than
a direct synergism between the two (Table 2.2) (Chiu and Walker 1949; Keinath and
DuBose 2012; Svedelius and Unestam 1978). On the other hand, P. xanthii was negatively
associated with three pathogens that require leaf wetness for infection, namely C. citrullina,
C. orbiculare, and Myrothecium s.l., which implies that powdery mildew was less likely to
occur in wet microenvironments that favored these pathogens. In general, a significant
positive association does not allow for interpretation about which pathogen infected a leaf
first nor which pathogen wields the main influence on the association.
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Of the 80 isolates of Stagonosporopsis spp. cultured and identified to species level,
10% were identified as S. caricae, while the remaining isolates were identified as S. citrulli.
S. cucurbitacearum was not found. This constitutes the first report of S. caricae in South
Carolina. Among this subset of isolates, the frequency of S. caricae was much higher than
previously reported in the southeastern United States. Brewer et al. (2015) genotyped 600
isolates of Stagonosporopsis spp. from Georgia and identified only 1% as S. caricae. All
isolates were collected from a single field in Tift County in 2013. The following year, Li
and Brewer (2016) reported a slightly higher occurrence of S. caricae, 3.6% of 528 isolates.
These isolates originated from Tift and Cook counties in Georgia in 2013 and 2014,
respectively, in which they represented 4 and 20% of the sampled isolates, respectively (Li
and Brewer 2016). S. caricae was not found in two fields in Colleton County, South
Carolina, that were sampled in 2012 and 2013 (Li and Brewer 2016). With 25% and 21.4%
of isolates identified as S. caricae in Barnwell and Beaufort Counties in spring 2015, the
proportion of isolates that were identified as that species was somewhat higher than in the
two Georgia counties. On the other hand, S. caricae was not found in the other seasons and
counties from which isolates were saved and tested (Hampton County in spring 2016 and
Beaufort County in fall 2017). As with the sampling done by Li and Brewer (2016), it
appears that the distribution of S. caricae in the southeastern United States is quite
heterogeneous, and larger numbers of samples would be necessary to determine more
accurately the extent of its occurrence and distribution. Analogous to the detection of
isolates of a fungal plant pathogen resistant to a fungicide, the probability of detecting S.
caricae in a sampling is dependent on the true frequency of S. caricae in the sampled
population and the sample size. For instance if the true frequency is 1% and a sample size
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of 10 is chosen, the chance of not detecting S. caricae would be 90.4%. For the current
example of an assumed true frequency of S. caricae of 2.2% (based on the average between
Brewer et al. 2015 and Li and Brewer 2016) and a sample size of 80, the chance of detecting
at least one isolate of S. caricae is 83.1% (Russell 2003).
We detected no apparent effect of applications of triazole fungicides in South
Carolina watermelon fields on the occurrence of S. caricae. Li et al. (2016) reported
isolates of S. caricae highly resistant to the triazole fungicide tebuconazole in Georgia and
suggested that selection of resistant isolates driven by continuous use of tebuconazole in
the southeastern United States could lead to a change in the species composition of
Stagonosporopsis spp. causing GSB in the region. Our findings do not support such a trend,
because the field in Barnwell county where 25% of Stagonosporopsis spp. were identified
as S. caricae in 2015 was treated twice with tebuconazole within 2 weeks prior to sampling,
while the field in Beaufort county where 27% of isolates were found to be S. caricae in
2015 did not receive any triazole fungicide treatment prior to sampling. No isolates of S.
caricae were found in the field in Hampton county in spring 2016, which was not treated
with tebuconazole nor from two fields in Beaufort County, which were sprayed with
tebuconazole once before the fields were sampled. Although the sample size in this study
was small to draw strong conclusions, the results do not indicate that isolates of S. caricae
occur more frequently in fields that were treated with tebuconazole. A possible explanation
for this could be the general low efficacy of tebuconazole in controlling GSB (Keinath
2015b, Keinath et al. 2001).
Work is underway to identify the species of Stachybotriaceae, referred to as
Myrothecium s.l., found on watermelon leaves in this study, determine their virulence on
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cucurbits, and characterize the genetic variability among the collected isolates. Since this
family of fungi is notorious for its genetic diversity and the difficulty associated with the
identification of its members, the conundrum of false identifications and assigned names
will be addressed (Lombard et al. 2016).
In conclusion, this survey shows that gummy stem blight and powdery mildew are
the main foliar diseases on watermelon in South Carolina. Management programs for
watermelon should therefore focus on these two diseases. Changes to grower
recommendations based on our results have been implemented. This survey is the first
report of C. cassiicola and S. caricae on watermelon in South Carolina and of one or more
species within Myrothecium s.l. Appropriately designed field surveys have the potential to
unravel new and emerging diseases and improve management practices for many other
crops as well.
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Table 2.1. Watermelon fields sampled in four seasons from 2015 to 2017 in South Carolina

Season,
year
Spring
2015

County

Acreage
(ha)

Number of
growers in
county

Number of
growers
selecteda

Number of fields
of growers
selected

Number of
fields
sampledb

Bamberg
Barnwell
Beaufort
Clarendon
Colleton
Hampton

262
379
273
103
285
211

6
6
3
1
4
5
25

4
5
2
1
2
3
17

13
7
11
1
14
3
49

4
5
4
1
4
3
21

Allendale
Bamberg
Barnwell
Beaufort
Clarendon
Colleton
Hampton

102
262
379
273
103
285
211

4
17
9
2
4
4
6
46

1
3
5
2
2
3
3
19

3
13
8
4
4
23
7
62

1
4
6
4
2
4
3
24

Fall 2016 Allendale
Bamberg
Barnwell
Beaufort
Colleton
Hampton

102
262
379
273
285
211

1
4
1
2
2
1

1
2
1
1
2
1

3
2
1
5
6
3

1
2
1
2
3
2

20
20

11
4

Subtotal
Spring
2016

Subtotal

Subtotal
11
8
Fall 2017 Beaufort
273
2
2
a
The growers were chosen randomly from a list of all growers in a county.
b

The total number of fields to be sampled in a season was predefined at the beginning of each

sampling season. The number of fields sampled in a county was calculated using proportional
allocation based on the watermelon acreage in the county. Fields were chosen randomly from all
fields of a selected grower.
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Table 2.2. Isolates of Stagonosporopsis spp. collected throughout sampling of watermelon fields
in 2015 to 2017
Season, year

County

S. citrulli

S. caricae

Total number of isolates

Spring 2015

Barnwell

15

5

20

Spring 2015

Beaufort

11

3

14

Spring 2016

Hampton

8

0

8

Fall 2017

Beaufort

38

0

38

3

72

8

80

Total

81

Table 2.3. Sampling intervals and monthly environmental conditions during sampling of watermelon leaves
Season, year

Month

Sampling dates

Max (°C)a

Min (°C)a

Total rainfall (mm)a

Spring 2015

June

23 June (first)

33.1

22.7

195.3

July

27 July (last)

33.6

23.4

196.1

June

13 June (first)

33.0

22.8

79.8

July

14 July (last)

35.3

24.9

111.3

September

20 September (first)

31.3

21.8

311.7

October

3 October (last)

27.1

15.4

266.2

September

26 September

30.4

20.3

171.5

Spring 2016

Fall 2016

Fall 2017
a

Weather data for Charleston, SC, from National Weather Forecast Service Office, available at: weather.gov
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Table 2.4. Occurrence of pathogens in combinations on watermelon leaves in spring 2015 and
2016
a

Pathogen combination

None
Stagonosporopsis
Podosphaera
Pseudoperonospora
Cercospora
Virus
Myrothecium
Colletotrichum
Podosphaera + Stagonosporopsis
Pseudoperonospora + Stagonosporopsis
Cercospora + Stagonosporopsis
Pseudoperonospora + Podosphaera
Cercospora + Pseudoperonospora
Cercospora + Podosphaera
Colletotrichum + Stagonosporopsis
Colletotrichum + Podosphaera
Myrothecium + Podosphaera
Myrothecium + Stagonosporopsis
Cercospora + Colletotrichum
Cercospora + Myrothecium
Colletotrichum + Myrothecium
Pseudoperonospora + Podosphaera + Stagonosporopsis
Cercospora + Podosphaera + Stagonosporopsis
Cercospora + Pseudoperonospora + Stagonosporopsis
Cercospora + Pseudoperonospora + Podosphaera
Colletotrichum + Podosphaera + Stagonosporopsis
Myrothecium + Podosphaera + Stagonosporopsis
Cercospora + Colletotrichum + Stagonosporopsis
Cercospora + Myrothecium + Stagonosporopsis
Cercospora + Colletotrichum + Podosphaera
Cercospora + Pseudoperonospora + Podosphaera + Stagonosporopsis
Cercospora + Podosphaera + Myrothecium + Stagonosporopsis
Cercospora + Colletotrichum + Podosphaera + Stagonosporopsis
Total number of leaves
a
Combination of pathogens that were present on a leaf.
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Percentage of
leaves
2015
2016
28.06 30.21
25.63 21.83
8.00
20.42
6.19
0.00
1.29
1.12
0.10
0.00
0.05
0.08
0.00
6.04
9.96
14.08
7.29
0.00
3.14
1.75
2.57
0.00
0.52
0.00
0.48
0.67
0.05
1.21
0.00
0.33
0.00
0.21
0.00
0.17
0.00
0.08
0.00
0.04
0.00
0.04
4.76
0.00
0.86
1.08
0.48
0.00
0.14
0.00
0.00
0.25
0.00
0.17
0.00
0.04
0.00
0.04
0.00
0.04
0.48
0.00
0.00
0.04
0.00
0.04
2099
2400

Table 2.5. Occurrence of pathogens in combinations on watermelon leaves in fall 2016 and 2017
Pathogen combinationa
Stagonosporopsis
None
Myrothecium
Podosphaera
Cercospora
Colletotrichum
Virus
Corynespora
Pseudoperonospora
Podosphaera + Stagonosporopsis
Stagonosporopsis + Virus
Myrothecium + Stagonosporopsis
Cercospora + Podosphaera
Colletotrichum + Stagonosporopsis
Cercospora + Stagonosporopsis
Colletotrichum + Myrothecium
Corynespora + Myrothecium
Corynespora + Stagonosporopsis
Colletotrichum + Corynespora
Colletotrichum + Podosphaera
Corynespora + Podosphaera
Myrothecium + Pseudoperonospora
Cercospora + Podosphaera + Myrothecium
Myrothecium + Podosphaera + Stagonosporopsis
Corynespora + Podosphaera + Stagonosporopsis
Colletotrichum + Corynespora + Stagonosporopsis
Colletotrichum + Corynespora + Myrothecium
Corynespora + Myrothecium + Podosphaera
Cercospora + Corynespora + Myrothecium
Cercospora + Corynespora + Stagonosporopsis
Colletotrichum + Corynespora + Pseudoperonospora
Colletotrichum + Corynespora + Podosphaera
Colletotrichum + Myrothecium + Podosphaera
Colletotrichum + Myrothecium + Stagonosporopsis
Colletotrichum + Podosphaera + Stagonosporopsis
Corynespora + Myrothecium + Stagonosporopsis
Corynespora + Stagonosporopsis + Virus
Stagonosporopsis + Podosphaera + Colletotrichum +
Corynespora
84

Percentage of leaves
2016
2017
38.82
9.25
24.09
38.25
7.18
16.50
2.36
0.75
0.82
0.00
0.45
3.25
0.27
1.00
0.00
5.50
0.00
0.25
14.91
3.75
3.82
0.25
3.18
3.50
0.73
0.00
0.73
1.00
0.45
0.00
0.09
1.25
0.00
3.25
0.00
3.25
0.00
0.50
0.00
0.50
0.00
0.25
0.00
0.25
1.91
0.00
0.18
0.75
0.00
1.75
0.00
0.75
0.00
0.75
0.00
0.50
0.00
0.25
0.00
0.25
0.00
0.25
0.00
0.25
0.00
0.25
0.00
0.25
0.00
0.25
0.00
0.25
0.00
0.25
0.00

0.50

Stagonosporopsis + Podosphaera + Corynespora +
Myrothecium
Total number of leaves
a

0.00

0.25

1100

400

Combination of pathogens that were present on a leaf. Virus = Papaya ringspot virus and

Zucchini yellow mosaic virus in 2016 and a begomovirus in 2017.
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Table 2.6. Associations between pathogen pairs on watermelon leaves collected in 2015 and
2016

C. citrullinaa

C. citrullina

C. orbiculareb
P. xanthiic

Season,
year
Spring
2015
Absent
Present
Spring
2016
Spring
2016
Fall
2016

Myrothecium
s.l.

Fall
2016

Virus

Fall
2016

Stagonosporopsis spp.
pAbsent Present valuee

P. xanthii
Absent Present

pvalue

944d
51

1000
104

<0.0001

1413
114

531
41

0.6511

Absent
Present

1376
47

905
72

<0.0001

1430
74

851
45

0.0001

Absent
Present

1266
157

940
37

0.0360

1326
178

880
16

0.0394

Absent
Present

362
34

517
187

<0.0001

n.a.f
n.a.

n.a.
n.a.

n.a.
n.a.

Absent
Present

316
80

667
37

<0.0001

764
115

219
2

0.0002

Absent
Present

393
3

662
42

0.0002

834
45

221
0

n.c.g

a

Cercospora citrullina

b

Colletotrichum orbiculare

c

Podosphaera xanthii

d

Numbers are total numbers of leaves in designated category in that season.

e

The probability of a greater Rao-Scott chi-square for the proportions of the two pathogens.

f

n.a. = not applicable.

g

n.c. = not computable. This pathogen pair never occurred together on the same leaf.
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Table 2.7. Fungicides applied within two weeks prior to sampling in watermelon fields sampled
in fall 2016 and fall 2017a
Number of
fields
Effective
FRAC
against
Fall
Fall
Fungicide
Codeb
GSBc
2016
2017
azoxystrobin
11
no
1
2
boscalid
7
no
2
2
copper
M
no
2
0
chlorothalonil
M
yes
2
0
cyazofamid
21
no
6
2
cyflufenamid
U6
no
2
0
cyprodinil
9
yes
3
4
difenoconazole
3
yes
3
0
fludioxonil
12
yes
1
4
fluopyram
7
yes
6
0
mancozeb
M
yes
9
2
mefenoxam
4
no
0
2
oxathiapiprolin
no
49
0
2
phosphonate
33
no
2
0
propamocarb
28
no
0
2
pyraclostrobin
11
no
2
4
quinoxyfen
13
no
2
0
tebuconazole
3
yes
7
3
thiophanate-methyl
1
no
0
2
zoxamide
22
no
2
0
a
Eleven and four fields were sampled in fall 2016 and 2017, respectively.
b

FRAC = Fungicide Resistance Action Committee.

c

GSB = Gummy stem blight. Classification based on Kemble et al. (2018).
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Fig. 2.1. Locations of the 60 fields sampled in four seasons from 2015 to 2017. Black circles =
21 fields sampled in spring 2015. Dark gray squares = 24 fields sampled in spring 2016. Light
gray diamonds = 11 fields sampled in fall 2016. White triangles = 4 fields sampled in fall 2017.
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Fig. 2.3. Estimated probability of statewide pathogen occurrence in South Carolina by season
2015 to 2017. Error bars give standard errors calculated with SAS, PROC SURVEYMEANS.
Corynespora cassiicola, Cercospora citrullina, Colletotrichum orbiculare, Pseudoperonospora
cubensis, Podosphaera xanthii.
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Fig. 2.4. Estimated probability of statewide pathogen occurrence on symptomatic leaves
across all four seasons 2015 to 2017. Error bars give one standard error calculated with
SAS, PROC SURVEYMEANS. Mean separation is based on 95% confidence intervals. C.
cassiicola and the viruses found in fall 2016 and fall 2017 were excluded from the combined
analysis because each occurred in one season only. Cercospora citrullina, Colletotrichum
orbiculare, Pseudoperonospora cubensis, Podosphaera xanthii.
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CHAPTER THREE

FACTORS INFLUENCING THE OCCURRENCE OF FOLIAR PATHOGENS IN
COMMERCIAL WATERMELON FIELDS IN SOUTH CAROLINA BASED ON
STRATIFIED CLUSTER SAMPLING

Rennberger, G., Gerard, P., and Keinath, A. P. 2019. Factors influencing the occurrence
of foliar pathogens in commercial watermelon fields in South Carolina based on
stratified cluster sampling. Plant Dis. in press. Available at: https://doi.org/10.1094/
PDIS-07-18-1188-RE
Abstract
The influence of environmental and management factors on the occurrence of foliar
pathogens of watermelon was analyzed using survey-sampling data collected from
commercial farms in South Carolina in spring 2015 and spring and fall 2016. A stratified
two-stage cluster sampling design was used to sample symptomatic watermelon leaves
from 56 fields of 27 growers in seven counties representing the main watermelonproducing areas in the state. In the sampling design, counties corresponded to strata,
growers to first-stage clusters, and fields to second-stage clusters. Pathogens were
identified on 100 leaves collected per field based on reproductive structures that formed on
the leaves. Information about previous crops, fruit type, field size, transplanting date, first
harvest date, and fungicides applied within 7 days and within 7 to 14 days prior to sampling
was obtained from growers. Field alignment was determined with a compass. Surveyspecific logistic regression procedures were used to analyze the effect of these factors on
the probabilities of pathogen occurrence on symptomatic leaves. Five fungal pathogens,
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Stagonosporopsis spp., Podosphaera xanthii, Cercospora citrullina, Colletotrichum
orbiculare, and Myrothecium sensu lato (s.l.), and the oomycete Pseudoperonospora
cubensis were included in the analyses. Among the factors we analyzed, there was a
consistent increased probability of occurrence of Stagonosporopsis spp. in fields with a
previous cucurbit crop, increasing probabilities of pathogen occurrence with increasing
plant age, a lower probability of occurrence of some pathogens on triploid cultivars
compared to diploid cultivars, and a decrease in probability of pathogen occurrence in
fields aligned towards southwest or west. Application of fungicides significantly reduced
the probability of observing C. citrullina, P. cubensis and Stagonosporopsis spp. in 2015
and P. xanthii in spring 2016. This study emphasizes the importance of crop rotation and
fungicide applications to manage foliar diseases of watermelon, particularly gummy stem
blight, powdery mildew, and downy mildew. Crop age, cultivar type, and field alignment
also were found to significantly influence the probability of pathogen occurrence. To the
best of our knowledge this is the first study examining the influence of various factors on
foliar pathogens of watermelon with data collected from commercial fields.

Introduction

Watermelon production, which occurred on 2,875 ha and was valued at $33.7
million in 2017, is an important part of agriculture in South Carolina (USDA, NASS,
2018). Apart from Fusarium wilt caused by Fusarium oxysporum f. sp. niveum, the main
challenges in watermelon production in the United States are foliar diseases (Kousik et al.
2016). In a recent survey of foliar diseases of watermelon on commercial farms in South
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Carolina, we identified six fungal pathogens, one oomycete, and three viral pathogens on
leaves collected from 60 fields over the course of four seasons. In descending order of
prevalence across seasons, the diseases observed were gummy stem blight, powdery
mildew, Cercospora leaf spot, Myrothecium leaf spot, anthracnose, and downy mildew
(Rennberger et al. 2018).
Gummy stem blight is caused by three distinct, closely related Stagonosporopsis
species, S. citrulli, S. caricae, and S. cucurbitacearum (syn. Didymella bryoniae), that are
morphologically indistinguishable. S. citrulli has the widest distribution and is the most
common species in the southeastern United States (Brewer et al. 2015; Li and Brewer 2016;
Rennberger et al. 2018; Stewart et al. 2015). S. caricae also has been found in the
southeastern United States at low frequencies on watermelon. S. cucurbitacearum has been
reported primarily from temperate regions. All aboveground plant parts can be affected by
the disease, and 37 species of cucurbits are known to be susceptible (Rennberger and
Keinath 2018). The pathogen overwinters on infected crop debris and can also be
seedborne (Keinath 2017b).
Powdery mildew is a major constraint to global cucurbit production. P. xanthii is
the predominant powdery mildew pathogen in the southeastern United States (Keinath
2015c; McGrath 2017; Rennberger et al. 2018). Cucurbit powdery mildew fungi are
obligate biotrophs that are mainly dispersed via airborne conidia. The pathogen can
overwinter on infected cucurbit plants and alternative hosts like Verbena spp. (Cho et al.
2014; McGrath 2017). Another minor means of overwintering is chasmothecia, which are
formed under cool conditions at the end of a growing season (McGrath 2017).
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Cercospora leaf spot is caused by Cercospora citrullina (Everts 2017). Based on
molecular phylogeny, this taxon may be a species complex (Groenewald et al. 2013). The
disease affects most cucurbits and is commonly observed on watermelon (Everts et al.
2016). The pathogen overseasons on crop debris and weedy members of the cucurbit
family. The airborne spores can be transported long distances with wind driven rain and
require free water for infection. (Everts 2017).
Downy mildew of cucurbits is caused by the oomycete Pseudoperonospora
cubensis. P. cubensis is an obligate biotroph and requires host plants to survive between
seasons. In North America P. cubensis is not known to overwinter in the field in regions
above the 30° latitude where annual frosts kill the cucurbit hosts (Ojiambo et al. 2015).
Recently however, it was shown that isolates of both mating types of the pathogen from
the southern United States can produce oospores on cucumber and cantaloupe. Oospores
might therefore also enable P. cubensis to overwinter in the United States (Thomas et al.
2017).
The causal agent of cucurbit anthracnose is the fungus Colletotrichum orbiculare,
which has three races. Race 2 is pathogenic to all watermelon cultivars while openpollinated and heirloom cultivars are also susceptible to races 1 and 2B (Keinath 2015a;
Wasilwa et al. 1993). Colonized plant debris and infected volunteer plants serve as
overwintering sites for C. orbiculare, which can also be seedborne (Keinath 2017a).
Myrothecium leaf spot is a disease most likely caused by several species in the
species complex Myrothecium sensu lato (s.l.) (Bruton and Fish 2017; Lombard et al.
2016). The disease can affect cucurbit foliage, crowns, stems, and fruits. On fruits it is
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referred to as crater rot. The pathogen is a common soil inhabitant, but there is no specific
information about its mode of overwintering (Bruton and Fish 2017).
Fungicide applications are indispensable in the management of foliar diseases of
cucurbits such as anthracnose, downy mildew, gummy stem blight, and powdery mildew
(Keinath 2001, 2015b, 2015c, 2016, 2018; McGrath 2001; Ojiambo et al. 2010). However,
fungicides did not appear to influence pathogen occurrence in a survey of foliar pathogens
on cucumbers in North Carolina, but the effects were not analyzed statistically (Peterson
and Campbell 2002). To the best of our knowledge, the effect of fungicides on the
occurrence of foliar pathogens on cucurbits has never been analyzed for data collected from
commercial farms. Such data would serve to validate fungicide recommendations and
applications better than data generated in small research plots.
The effect of crop rotation on the occurrence and severity of plant diseases has been
documented for many different pathosystems (Gugino et al. 2007; Hao et al. 2003;
Shtienberg and Fry 1990). Only a few studies have examined the influence of crop rotation
on cucurbit diseases, such as gummy stem blight. In two different studies, gummy stem
blight was less severe on watermelon or cucumber in rotated than in non-rotated treatments
(Keinath 1996; Sitterly 1969).
The differential susceptibility of various cucurbit species and cultivars to foliar
diseases, especially gummy stem blight, has been demonstrated previously (Keinath 2014).
Watermelon is among the cucurbits most susceptible to gummy stem blight. However,
triploid watermelon cultivars were found to be less susceptible to anthracnose, gummy
stem blight, and powdery mildew than diploid cultivars in field experiments in South
Carolina (Keinath 2014; Keinath and Hassel 1999; Keinath and Hassel 2000). However,
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the number of watermelon cultivars with resistance to foliar diseases is limited to several
commercially acceptable cultivars with tolerance or resistance to anthracnose race 1 and
one cultivar with resistance to powdery mildew (Kemble et al. 2018).
Long distance transport of plant pathogenic fungi and oomycetes, defined as
transport ≥ 100 m, is dependent on wind speed and direction among other factors (Neufeld
et al. 2018; Prussin et al. 2015). Through an influence on wind speed and direction the
alignment of a field can affect air circulation and leaf wetness levels in the field. Therefore,
field alignment has been recommended as a cultural management technique to reduce
severity of foliar diseases (Everts and Himmelstein 2010). A significant effect of field
alignment on ray blight of pyrethrum has been shown previously, as severity was
influenced by leaf wetness duration and wind direction (Pethybridge and Hay 2001).
The objectives of this study were to determine the influence of environmental and
management factors on the occurrence of foliar pathogens in commercial watermelon fields
in South Carolina. The environmental factors included in the study were county, plant age,
and sampling date. The management factors included were crop rotation, ploidy level, field
size, field alignment, and fungicide applications within 2 weeks of sampling leaves.
Estimates of the influence of these factors were obtained by using a complex sampling
design as described in Rennberger et al. (2018) followed by logistic regression analysis for
survey data.
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Materials and Methods

Sampling design. A stratified two-stage cluster sampling design was used to
sample symptomatic watermelon leaves from commercial fields in 2015 and 2016. In 2016
both spring and fall crops were sampled. Preselected counties represented the strata in the
design. Counties with the highest recorded watermelon acreage were chosen (USDA,
NASS 2014). Six counties were sampled in 2015, seven in the spring of 2016, and six in
the fall of 2016 (Table 3.1).
Growers, who were selected randomly from a compiled list obtained from Clemson
Cooperative Extension agents, represented the first level of clustering within each county.
Sixteen, 17, and 7 different growers were included in spring 2015, spring 2016, and fall
2016 respectively. In total, fields from 27 different growers were sampled, of which two
were sampled in all three seasons; eight were sampled in both spring 2015 and 2016; one
was sampled in both seasons of 2016; and the remaining fields were sampled only in one
season.
Randomly selected fields represented the second level of clustering in the sampling
design. The number of fields sampled per county was assigned using proportional
allocation based on the watermelon acreage per county (Rao 2000). If a grower had one
watermelon field, that field was sampled; if the grower had two fields, one was chosen
randomly; if the grower had three or four fields, two were chosen randomly; and if the
grower had five or more fields, three were chosen randomly (Table 3.1). In the spring of
2015 leaves were collected from a total of 21 fields, in the spring of 2016 from 24 fields,
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and in the fall of 2016 from 11 fields (Table 3.1). All fields were sampled within one week
of harvest starting or ending.
In each field the sampling area of 2500 m2 (0.62 ac) was delimited by a diamond
shape consisting of four perpendicular transects 50 m in length. The location was chosen
away from the edges of the field if possible. Along each transect five leaves with spots
were collected at each of five sampling points spaced 10 m apart, resulting in a total of 20
sampling points and 100 leaves collected per field. Additional information about previous
crop, fruit type, field size, transplanting date, first harvest date, and fungicides applied
within 7 days and within 7 to 14 days prior to sampling was obtained from growers. Field
alignment was determined with a compass and saved for each field. To prevent
confounding the factor county with sampling date and plant age, samples from at least two
counties were taken on any given sampling day in spring and fall of 2016.
Leaf observations. Leaves from each sampling point were placed in a separate
plastic bag and transferred to a cooler after sampling of a field was completed. Upon arrival
at the laboratory, bags with leaves from 1 to 2 fields were incubated under constant light
and high relative humidity for 12 to 25 h. Remaining samples were stored at 8°C. All
leaves collected on one sampling day were examined within 72 h after collection. Leaves
were examined with a stereomicroscope at 7 to 45 × magnification, and reproductive
structures observed were used for identification of pathogens. Presence of pathogens was
recorded for each leaf. When no pathogens could be identified on any leaf from a sampling
point, pathogen isolation was attempted for one lesion from each of four leaves per
sampling point as described previously (Rennberger et al. 2018). When pathogens were
isolated from a leaf, they were counted as present on that leaf. For identification of powdery
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mildew fungi, conidia of three isolates from each of spring 2015 and spring 2016 and of
two isolates of fall 2016 were mounted in 3% aqueous potassium hydroxide and examined
microscopically for the presence of fibrosin bodies (Kable and Ballantyne 1963).
Data analysis. SAS (SAS Institute Inc., Cary, NC) statistical software was used for
all analyses. The county a given sample was collected from was specified as stratum
variable, and grower was specified as cluster variable. A map with the geographical
locations of all fields sampled for this study can be found in Rennberger et al. (2018). The
incidence of a pathogen was the response variable, and proportions were estimated
separately for each pathogen. PROC SURVEYLOGISTIC was used to obtain estimates for
the effects of county, previous crop, fruit type, field size, plant age, sampling date, field
alignment, and fungicide applications. Crops grown in the sampled fields within the past
season were classified into five groups: cucurbits, fallow, monocot grains, broadleaved row
crops, and vegetables, to allow models to converge. Cucurbits included watermelon,
cantaloupe, and pumpkin; grains included corn, rye, and wheat; row crops were comprised
of cotton, peanut, and soybean; and vegetables included collard, southern pea, and tomato.
Field alignment was the cardinal or intercardinal direction that rows in a given field were
most closely aligned with, whereby opposing directions were part of the same alignment.
Therefore, we included four possible levels of the factor field alignment in the analysis:
north-south, west-east, northwest-southeast and northeast-southwest. The effects of
application of any fungicide compared to no fungicide were analyzed. A separate analysis
was run for each factor to avoid issues of multicollinearity among factors and overfitting
the model. Sampling weights were specified to account for the probability of choosing a
particular field. They were calculated with the following formula: w = 1/((a*b)/(c*d)),
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where a = the number of selected growers within a county, b = number of selected fields
within the county in a, c = total number of growers of the county in a, and d = total number
of fields of the growers in the county in a (Table 3.1). Estimates for probability of pathogen
occurrence among counties sampled, field alignments, and fungicide applications could be
obtained only for 2015 and spring 2016, because the sample size in fall 2016 was not
sufficiently large.

Results

Differences among counties. There was a significant effect of county on the
occurrence of all pathogens in 2015 (P < 0.0001) and on the proportion of leaves with no
pathogens (P = 0.002) (Fig. 3.1). In 2015, Stagonosporopsis spp. was the most prevalent
pathogen in all counties except Barnwell County, in which P. xanthii was the most
prevalent pathogen. The estimated probability of occurrence of Stagonosporopsis spp. in
Clarendon and Hampton counties was significantly higher than in all other counties.
Barnwell and Beaufort had the lowest occurrence of this pathogen and did not statistically
differ from each other. C. citrullina did not occur in Barnwell and Beaufort counties. In the
remaining counties its estimated probability of occurrence was significantly lower in
Bamberg County than in Clarendon and Hampton counties. The estimated probability of
the occurrence of P. xanthii in Clarendon County was significantly lower than in all other
counties. The highest occurrences of powdery mildew were found in Bamberg, Barnwell,
and Hampton counties. In these counties the estimates were significantly higher than in
Beaufort and Colleton counties (Fig. 3.1). P. cubensis was absent in Barnwell and
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Clarendon counties. There was no significant difference in the occurrence of P. cubensis
among the other four counties.
In spring 2016, occurrence of Stagonosporopsis spp. and leaves with no pathogens
did not differ significantly among the sampled counties (P ≥ 0.2013). The estimated
probability of occurrence of C. citrullina in Bamberg County was significantly higher than
in all other counties with the exception of Clarendon and Colleton counties. C. orbiculare
was absent in Allendale and Hampton counties. In Barnwell and Beaufort counties, the
estimated probability of this pathogen was very low, 1.8% and 0.5%, respectively. The
estimated probability of occurrence of C. orbiculare in Clarendon County was significantly
higher than in all other counties except Colleton County. In Barnwell County the estimate
was statistically equal to that of Colleton County and significantly higher than in Allendale,
Bamberg, Beaufort, and Hampton counties. P. xanthii was the most prevalent pathogen in
Beaufort and Hampton counties. The estimated probability of occurrence in those two
counties was significantly higher than in all other counties except Bamberg County (Fig.
3.1).
Previous crops. In each season, there were significant differences in the probability
of occurrence of C. citrullina among the five categories of crops planted in the season prior
to sampling (Table 3.2). However, differences among crops were not consistent across
seasons. In spring 2015 and 2016, the estimated probability of occurrence of Cercospora
leaf spot was greater after row crops than any other crop rotation except cucurbits in 2015.
In spring and fall 2016, C. citullina was found more frequently on watermelon crops
planted after fallow than after cucurbit or vegetable rotations. In spring 2016, C. orbiculare
was significantly more likely to occur in fields previously cropped to grains and row crops
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than in fields previously cropped to cucurbits or vegetables. In 2015, P. cubensis was
significantly less likely to occur in fields cropped to vegetables prior to the sampling season
compared to all other previous crops. In spring 2016, P. xanthii was more likely to be
observed in fields with a previous cucurbit crop than in fields planted to grain or row crops
in the preceding season. In fall 2016, it was significantly more likely to occur in fields that
lay fallow than in fields previously cropped to cucurbits. Throughout all three seasons
Stagonosporopsis spp. were significantly more likely to occur in fields that were cropped
to cucurbits or were fallow the previous season than in rotated fields. Stagonosporopsis
spp. was least likely to occur in fields with a previous vegetable crop. In 2015 and spring
2016, leaves with no pathogens were least likely to be collected in fields that had been
cropped to cucurbits compared to fields cropped to vegetables, grains, or row crops. In fall
2016, leaves with no pathogens were significantly less likely to be found in fields that were
cropped to vegetables or lay fallow in the previous season compared to fields in which
cucurbits were cultivated the previous season (Table 3.2).
Ploidy level of cultivars. The difference in susceptibility of diploid cultivars versus
triploid cultivars was analyzed for 2015 and spring 2016 only, because no fields with
diploid cultivars were sampled in fall 2016. In 2015 diploid cultivars were more than three
times as likely to be affected by C. citrullina than triploid cultivars (P = 0.0005). In spring
2016 there was a similar trend, but the effect was not significant (P = 0.29). In spring 2016,
C. orbiculare was more than four times as likely to occur on diploid cultivars than triploid
cultivars (P = 0.0349). C. orbiculare was not detected in 2015. In 2015 P. cubensis was
more than twice as likely to occur in fields with diploid cultivars (P = 0.0381). P. cubensis
was not found in fields sampled in spring 2016. In both years the estimated probability of
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occurrence for P. xanthii and Stagonosporopsis spp. did not differ significantly between
diploid and triploid cultivars (P ≥ 0.38 and P ≥ 0.17, respectively). In spring 2016, it was
more likely for pathogens to be absent on leaves sampled from triploid cultivars than
diploid cultivars (P = 0.0007). In 2015 there was a similar trend with higher estimates for
triploid cultivars, but the difference was not significant (P = 0.72) (Table 3.3).
Field size. In fall 2016, estimates of pathogen occurrence decreased significantly
with increasing field size for Stagonosporopsis spp. (P = 0.0085), viral diseases (P =
0.0018), and leaves with no pathogens (P = 0.0097), while there was a significant increase
in the estimate for the occurrence of Myrothecium s.l. (P = 0.0025) with increasing field
size. For P. xanthii there was a similar trend of a decreased likelihood of occurrence in
larger fields (P = 0.0572). Both in 2015 and spring 2016 there were no significant effects
of field size on the estimated probability of occurrence of any of the observed foliar
pathogens (P ≥ 0.19 and P ≥ 0.37, respectively) or leaves with no pathogens (P = 0.28 and
P = 0.13, respectively). Estimates for the presence of all pathogens in both seasons were
negative, whereas estimates were positive for the occurrence of leaves with no pathogens,
indicating that with increasing field size the occurrence of foliar pathogens tended to
decrease, whereas estimates increased for leaves with no pathogens (Table 3.4).
Plant age and sampling date. The effect of plant age could not be analyzed for
2015 because data about plant age were not collected that season. The plant age ranged
from 54 to 106 days after transplanting in spring 2016 and from 27 to 73 days after
transplanting in fall 2016. In spring 2016, plant age had a significant effect on the
likelihood of occurrence for all pathogens except Stagonosporopsis spp. (P = 0.35) at the
10% significance level (Table 3.5). For P. xanthii the effect was highly significant (P =
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0.0081). The probability of occurrence of C. citrullina and P. xanthii increased with plant
age, while that of C. orbiculare decreased. In fall 2016, the probability of occurrence of C.
orbiculare, Myrothecium s.l., and Stagonosporopsis spp. was significantly (P ≤ 0.04)
affected by plant age. For Myrothecium s.l. and Stagonosporopsis spp. the probability of
occurrence increased with older plants; for C. orbiculare it decreased, as in spring 2016.
In fall 2016, plant age had no effect on the occurrence of C. citrullina (P = 0.40). In both
seasons the likelihood of observing leaves with no pathogens decreased with increasing
plant age. In spring 2016 the effect was slightly significant (P = 0.0623), and in fall 2016
it was highly significant (P = 0.0044) (Table 3.5).
In 2015, there was a significant effect of sampling date on the estimated probability
of occurrence of all pathogens observed (P ≤ 0.0315). The estimates for all pathogens, C.
citrullina, P. cubensis, P. xanthii and Stagonosporopsis spp., were positive, indicating that
the later a field was sampled the higher the likelihood of pathogen occurrence (Table 3.6).
In spring 2016, only two pathogens were significantly influenced by the sampling date.
Both C. orbiculare (P < 0.0001) and P. xanthii (P = 0.0011), were more likely to occur the
later the fields were sampled. In fall 2016, with later sampling date C. citrullina and P.
xanthii decreased in occurrence. In 2015 and spring 2016, later sampling dates significantly
decreased the occurrence of leaves with no pathogens (P ≤ 0.0049).
Field alignment. In 2015, all pathogens were statistically least likely to occur on
leaves collected from fields aligned towards southwest (P ≤ 0.0003), with the exceptions
that Stagonosporopsis spp. were equally likely to be present on leaves collected in fields
with a west to east alignment, and P. xanthii was equally likely to be present on leaves
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collected in fields aligned towards southeast (Table 3.7). Leaves with no pathogens were
found with the highest probability in fields with a southwestern or western alignment.
In spring 2016, C. citrullina was least likely to occur in fields aligned west to east
(P < 0.0001) (Table 3.7). The occurrence of Stagonosporopsis spp. in fields aligned
towards west was statistically equal to fields aligned towards south and southwest (P =
0.0993), and P. xanthii occurred in fields with a western alignment at an equally low level
as in fields aligned towards southwest (P < 0.0001). In spring 2016, the occurrence of
Stagonosporopsis spp., P. xanthii and C. citrullina was highest or second highest in fields
aligned towards southeast. These three pathogens consistently were found more frequently
in fields aligned southeast than in fields aligned towards west (P ≤ 0.10). In spring 2016,
leaves with no pathogens were significantly more likely to occur in fields aligned towards
west than any other direction (Table 3.7).
Fungicides. Of the 20 fungicide active ingredients applied during the three seasons,
mancozeb and tebuconazole were applied every season and during both time intervals
relative to sampling (Table 3.8). In 2015 and spring 2016, no fungicides were applied to
five and six fields during both time intervals, respectively. In each of 2015 and spring 2016,
there were four fields where no fungicides were applied during the first time interval ≤ 7
days prior to sampling. In spring 2016 there were three fields to which no fungicides were
applied during the second time interval 7 to 14 days prior to sampling. In fall 2016 there
was only one field where no fungicides were sprayed during the first time interval prior to
sampling. The effect of fungicide applications on the occurrence of pathogens was
analyzed by comparing fields in which any fungicides were applied to fields in which no
fungicides were applied. The analysis was done for fungicides that were applied in two
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time periods, ≤ 7 days prior to sampling and 7 to 14 days prior to sampling. For fall 2016,
the effect of all fungicides compared to no fungicides could not be analyzed for the time
period 7 to 14 days prior to sampling, because all but one field were treated with fungicides
in that time period.
In 2015, for the time period ≤ 7 days prior to sampling P. cubensis, C. citrullina,
and Stagonosporopsis spp. were much less likely (P ≤ 0.0067) to be observed in fields
treated with fungicides compared to fields where no fungicides were applied (Table 3.9).
Downy mildew was eight times, and gummy stem blight was two times, more likely to
occur in fields not sprayed than in fields in which fungicides were applied. Cercospora leaf
spot was not detected in fields receiving fungicides within 7 days of sampling. Fungicides
applied 7 to 14 days prior to sampling also reduced the probability of occurrence of
Stagonosporopsis spp. by almost one-half compared to fields not treated with fungicides
during this time period (P < 0.0001).
In spring 2016 P. xanthii was less likely (P = 0.0633) to be observed in fields where
fungicides were applied for the time period ≤ 7 days prior to sampling, and
Stagonosporopsis spp. was less likely to be observed in fields treated with fungicides 7 to
14 days prior to sampling (P = 0.0885) than in fields not treated with any fungicides. There
were no significant effects of application of any fungicide on any other pathogen. The
likelihood of observing leaves with no pathogens was significantly (P ≤ 0.0125) lower in
fields treated with no fungicides in both seasons for both time periods, with the exception
of the period 7 to 14 days prior to sampling in spring 2016 when there was no significant
effect (P = 0.46).
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Discussion

In this study we used logistic regression to analyze the effects of environmental and
management factors on the occurrence of foliar pathogens on watermelon. A large dataset
based on 5599 watermelon leaves collected from 56 fields in 7 counties and 3 seasons was
obtained using a stratified two-stage cluster sampling approach. To the best of our
knowledge this is the first study examining the influence of various factors on foliar
pathogens of watermelon with data collected from commercial fields. Among the many
factors we analyzed, there was a consistent increased likelihood of occurrence of
Stagonosporopsis spp. in fields with a previous cucurbit crop, a lower observed occurrence
of some pathogens on triploid cultivars compared to diploid cultivars, increasing
probabilities of pathogen occurrence with increasing plant age, a decrease in probability of
pathogen occurrence in fields aligned towards southwest or west, and a significant
influence of fungicide applications on pathogen occurrences. The county in which a given
field was located had a clear effect on pathogen occurrence, and field size was a significant
factor only in fall 2016.
While there were a few consistencies in the occurrence of pathogens by county, like
low occurrence of P. xanthii in both seasons in Clarendon County (Fig. 3.1A, B), overall
the occurrence fluctuated greatly among counties between the two seasons. Peterson and
Campbell (2002) observed similar differences in the occurrence of foliar pathogens of
cucumber among counties and seasons in North Carolina. This indicates that while the
location of a watermelon field can have an influence on the spectrum and quantity of
pathogens found in the field, geographic location alone is insufficient to predict pathogen
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occurrence. Oerke et al. (2010) found that the mode of dispersal had a strong influence on
the distribution of Fusarium head blight pathogens. Species that relied on splash-dispersal
were aggregated, and species that depended on wind dispersal had random distribution
patterns. This most likely also applies to wind-dispersed foliar pathogens of cucurbits, such
as Stagonosporopsis spp., P. cubensis, P. xanthii, and C. citrullina. The probability of
occurrence for P. cubensis in a given cucurbit field is directly proportional to the number
of viable spores in the air surrounding the field. Apart from spore production and release
from the source and their survival during transport, the number of viable spores reaching a
new field with susceptible cucurbit host plants depends on wet deposition, which in turn
depends on precipitation (Isard et al. 2005, Neufeld et al. 2018, Viljanen-Rollinson et al.
2007). As opposed to other environmental factors, rainfall can be heterogenous at small
spatial scales (Kirchner 2006). Neufeld et al. (2018) presume this heterogeneity in rainfall
to be one of several reasons for errors in predicting cucurbit downy mildew with an
aerobiological model they developed. Similarly, heterogenous rainfall leading to different
levels of wet deposition of pathogen propagules, as well as differences in the length of leaf
wetness periods, might be a possible explanation for the fluctuations of pathogen
occurrence observed in the current study.
Stagonosporopsis spp. was significantly more likely to occur in fields that were
cropped to cucurbits the preceding season than in fields planted to any other crop. This is
most likely due to inoculum that persisted in colonized cucurbit debris and subsequently
infected the crops planted the following season. In an earlier study on the effect of crop
rotation on the severity of gummy stem blight in cucumbers, breaking a continuous cycle
of cucumber cropping reduced the severity of gummy stem blight on cucumber foliage.
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Disease severity was further reduced with increasing time intervals between two cucumber
crops. The type of cucurbit crop or the sequence of crops in the rotation did not influence
disease severity (Sitterly 1969). Similarly, leaves with no pathogens were less frequently
found in fields rotated to vegetables or grains than in fields cropped to cucurbits or left
fallow in the prior season. In studies in which colonized cucumber and watermelon vines
were buried the pathogen could be recovered 9 and 7 months after burial, respectively
(Keinath 2002, van Steekelenburg 1983). The depth at which colonized watermelon vines
were buried had only a minor effect on the recovery of Stagonosporopsis spp. (Keinath
2002). S. citrulli can survive up to 103 weeks on infested muskmelon debris left on the soil
surface, a time period sufficiently long to facilitate carryover of inoculum into crops
planted up to two seasons after the original crop is finished (Keinath 2008). Therefore, it
is not surprising that a previous cucurbit crop increases the risk of gummy stem blight
epidemics in watermelon crops. Growers should thus adopt a crop rotation of at least 2
years between cucurbit crops and, at a minimum, avoid planting cucurbits after cucurbits.
It remains unknown why watermelons planted into fields that lay fallow the previous
season also had an increased likelihood of being affected by gummy stem blight. A possible
explanation might be cucurbitaceous weeds serving as hosts during fallowing. Cucurbit
species native to North America, like Cucurbita digitata and Melothria scabra, and
introduced species, like Ecballium elaterium and Cucumis anguria, an invasive species
that has been reported as a noxious weed in peanuts in the southeastern United States, have
all been confirmed to be moderately to highly susceptible to S. citrulli, the most common
species causing gummy stem blight in the southeastern United States (Buchanan et al.
1981; Rennberger and Keinath 2018).
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While the disease-increasing effect of a previous cucurbit crop on gummy stem
blight is plausible and expected, the effect on the occurrence of powdery mildew and
downy mildew was somewhat unexpected. Rotation to vegetable crops, which included
collard, southern pea, or tomato, reduced the estimates for leaves with powdery or downy
mildew in 2016 and 2015, respectively. It is possible that fungicides applied to the
vegetable crops grown in the previous years reduced overwintering of powdery mildew
chasmothecia or downy mildew oospores. Although, downy mildew was not reported to
occur on watermelon in South Carolina in 2014, it occurred in 2013 (Anon. 2018). The
maximum survival time of oospores is unknown, but oospores of P. cubensis were able
overwinter under conditions of -20°C and infect cucumber plants the following spring
(Zhang et al. 2012). Although chasmothecia of P. xanthii have been observed in the field
in the United States, the role of chasmothecia in the epidemiology of powdery mildew is
regarded as negligible (McGrath 2017). Most chasmothecia of Erysiphe necator, the causal
agent of powdery mildew on grape, that remain on bark survive over winter and release
viable ascospores until the following spring, while most chasmothecia that fall onto leaf
litter or soil do not survive the winter (Rossi et al. 2010). Thus, it may be inferred that
chasmothecia of P. xanthii also might not survive over winter. Further research is needed
to clarify the role of chasmothecia in the epidemiology of cucurbit powdery mildew.
All pathogens analyzed in this study tended to be observed less frequently in fields
planted with triploid (seedless) watermelon cultivars compared to fields planted with
diploid (seeded) cultivars. For C. citrullina, C. orbiculare, and P. cubensis, the difference
was significant in one season. No differences between cultivar types were observed for P.
xanthii and Stagonosporopsis spp. Previously, triploid cultivars were found to be less
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susceptible to anthracnose, gummy stem blight, and powdery mildew in field experiments
in South Carolina (Keinath and Hassel 1999; Keinath and Hassel 2000). The more vigorous
plants of triploid cultivars compared to diploid ones was stated as a possible explanation
for this observation (Keinath and Hassel, 1999). In the current study, the effect of diploid
versus triploid cultivars on the occurrence of foliar pathogens is confounded with the effect
of field size. In 2015 and spring 2016, the average size of fields with diploid cultivars was
1.3 and 4.8 ha, respectively. In contrast, the average size of fields with triploid cultivars
was 10.2 and 9.9 ha, respectively, in 2015 and spring 2016. Generally, there was a tendency
for fewer leaves with pathogens to be observed in larger fields compared to smaller fields,
although the effect of field size was significant only in fall 2016. While larger fields were
more likely to be planted with a triploid cultivar, larger fields also tended to be managed
more intensively than smaller fields, with more frequent fungicide applications with better
equipment and more informed choices of the fungicides applied. Contrary to this finding,
larger patches of host plants had higher proportions of diseased plants in a large-scale
habitat corridor experiment in South Carolina that used the plant pathosystem of southern
corn leaf blight (Cochliobolus heterostrophus) on sweet corn (Zea mays) as a model for
wind dispersed fungal plant diseases on foliage. The greatest predictor of disease
development was the distance of host plants to habitat edges (Johnson and Haddad 2011).
The factor field alignment had a consistently significant influence on the occurrence
of foliar pathogens of watermelon in this study. In spring 2015 and spring 2016, fields
aligned towards southwest and towards west, respectively, were significantly less likely to
be affected by foliar pathogens, while the reverse was true for leaves with no pathogens. A
possible explanation for this could be the direction of the wind prevailing in the sampled
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region. Raichle and Carson (2009) analyzed wind data from nine sites in the southeastern
United States collected between 2002 and 2005 and found that the predominant wind
direction in this region is from the west. Some sites had a southwest component, which the
authors attributed to springtime storm systems that originate from the Gulf of Mexico.
Considering the main wind direction in the southeastern United States, it seems plausible
that fields aligned towards west or southwest are exposed to a greater airflow compared to
fields with different alignments. This increased airflow most likely led to shorter periods
of leaf wetness that were less conducive to disease development. Similar effects of field
alignment have been reported in previous studies. A survey of ray blight on pyrethrum
(Tanacetum cinerariifolium) in Tasmania, caused by Didymella ligulicola, found that
north-facing slopes had a significantly lower disease incidence than slopes with a southerly
exposure. This effect of slope direction was attributed to the extended periods of sunlight
in the northerly exposed slopes, which led to a decrease of leaf wetness and ultimately
minimized the infection time for the pathogen (Pethybridge and Hay 2001).
The age of the plants sampled had a significant effect on the probability of pathogen
occurrence. With the exception of C. orbiculare, which decreased in likelihood of
occurrence with increasing plant age, all other pathogens were more likely to be present
the older the sampled plants were. In both seasons where the effect of plant age was
analyzed, the likelihood of P. xanthii to be observed increased with increasing plant age.
Similarly, in two seasons of a field trial with watermelon in South Carolina, powdery
mildew did not start to develop until the plants were at least 99 days old (Keinath 2015c).
On oilseed rape (Brassica napus), leaves of all ages showed symptoms of powdery mildew
caused by Erysiphe cruciferarum, but disease onset was delayed on young plants compared
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to older plants and developed faster on older plants (Uloth et al. 2018). Our findings
confirm previous observations in the field, but it is likely that there are other factors
contributing to the increased susceptibility of older watermelon plants in the field, since P.
xanthii, readily infects watermelon seedlings in the greenhouse (Kousik et al. 2018). In
accordance with our finding of decreased susceptibility of older plants to anthracnose,
fruits of butternut squash become resistant to fruit rot caused by C. orbiculare as they age
(Drennan and Zitter 1996). However, in a more recent study, a high percentage of
watermelon fruit had symptoms of anthracnose, which suggests that watermelon fruit
might remain susceptible for several weeks (Keinath 2018). As outlined by Freeman et al.
(1998), anthracnose diseases can present themselves both as diseases of developing and
mature plant tissues with a wide array of disease patterns in relation to the developmental
stage of the host plant. Due to the nature of observational studies such as the current one,
future studies specifically designed to determine the effect of plant age on cucurbit
anthracnose are needed to clarify conclusively the role of this factor in the development of
the disease. Although Stagonosporopsis spp. and C. orbiculare are known to be seedborne
pathogens, no grower reported symptoms on transplants throughout this study (Keinath
2017a, b). It is therefore unlikely that seedborne inoculum had a substantial impact on the
occurrence of these two pathogens in the present study.
The application of fungicides to the fields sampled had significant effects on the
occurrence of foliar pathogens in this study. A survey of foliar pathogens on cucumbers in
North Carolina did not find an influence of fungicides on the occurrence of pathogens, but
the effects were not analyzed statistically (Peterson and Campbell 2002). Due to the large
number of different active ingredients used, the fungicides were grouped for analysis into
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two categories of any fungicide versus no fungicide. In general, the effect of fungicides
might have been lowered in our analysis because we recorded and analyzed disease
incidence instead of disease severity. In six of eight experiments in a study that utilized a
bioassay with potted cucumber plants, ≤50% of the tested fungicides reduced incidence of
downy mildew caused by P. cubensis compared to the water control. This lower efficacy
was due to the fact that disease incidence was a less quantitative measure than disease
severity (Keinath 2016). In future survey studies of foliar cucurbit diseases, severity ratings
could improve the power of the analyses.
In 2015, fungicides applied ≤ 7 days prior to sampling significantly reduced the
occurrence of all observed pathogens except P. xanthii. In spring 2016, however, the
pattern was reversed with P. xanthii as the only pathogen for which occurrence was
reduced, while fungicides had no effect on the other three pathogens detected in this season.
A possible explanation for this difference could be the weather conditions prevailing in the
two seasons. In June and July 2015, the rainfall in coastal South Carolina was ≥80 mm
higher than in the corresponding months in 2016. The rainfall in 2015 favored pathogens
that require humid conditions, while in 2016, the drier conditions favored P. xanthii
(McGrath 2017; Rennberger et al. 2018). Similarly, fungicide applications reduced the
occurrence of gummy stem blight in the wetter spring 2015, when the probability of
occurrence in non-sprayed fields was greater than 50%, but not in the drier spring of 2016,
when the probability of occurrence in non-sprayed fields was similar to that in sprayed
fields. Likewise, the probability of detecting C. citrullina and C. orbiculare in spring 2016
was low, even in fields that were not treated with fungicides.
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In spring 2015, the only fungicide with activity against P. cubensis that was applied
to fields ≤ 7 days before sampling was the protectant mancozeb (Table 3.2). Mancozeb
protected muskmelons against cucurbit downy mildew when applied before infection
occurred (Keinath et al. 2007). However, it also has been shown that mancozeb did not
sufficiently control downy mildew to prevent yield loss in cucumber (Adams et al. 2015;
Colucci et al. 2007). Since the present study was observational, and data of only one season
could be analyzed for P. cubensis, additional studies are needed to determine whether
protectant fungicides are effective against downy mildew on watermelon.
Compared to unsprayed fields, application of fungicides in both time periods in
2015 significantly reduced the probability of observing Stagonosporopsis spp. This
beneficial effect of fungicides likely is explained by the widespread use of mancozeb and
tebuconazole ³ 7 to 14 days before sampling and cyprodinil plus fludioxonil or
difenoconazole within 14 days of sampling, since all four fungicides are moderately
effective against gummy stem blight (Keinath 2001, 2015b).
Small sample sizes can lead to biased estimators in logistic regression with survey
data (Graubard and Korn 2011). Therefore, the low number of significant differences
regarding the effects of ploidy level, field size, and fungicide application on pathogen
occurrence might have been influenced by the relatively small number of fields that could
be processed due to time constraints. We avoided overfitting our models by analyzing each
factor separately (Motrenko et al. 2014).
In conclusion, this study is the first to analyze the impact of environmental and
management factors on the occurrence of foliar pathogens of watermelon with data
collected from commercial farms. Our results emphasize the importance of crop rotation

116

and timely applications of fungicides to manage foliar diseases of watermelon, particularly
gummy stem blight, downy mildew, and powdery mildew. Crop age, cultivar type, and
field alignment also were found to significantly influence the probability of pathogen
occurrence. Carefully monitoring disease development on older crops, growing triploid
cultivars, and aligning fields west to east (or southwest to southeast) also may reduce the
occurrence of foliar diseases on watermelon.
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Table 3.1. Watermelon fields sampled in three seasons in 2015 and 2016 in South Carolina

Season
Spring
2015

Spring
2016

Fall
2016

Acreagew
(ha)

Total number
of fields of
selected
growers

Number
of
sampled
fieldsx

Total
number of
growers in
county

Number
of
sampled
growersy

Bamberg
Barnwell
Beaufort
Clarendon
Colleton
Hampton

262
379
273
103
285
211

13
7
11
1
14
3

4
5
4
1
4
3

6
6
3
1
4
5

4
5
2
1
2
3

Allendale
Bamberg
Barnwell
Beaufort
Clarendon
Colleton
Hampton

102
262
379
273
103
285
211

3
13
8
4
4
23
7

1
4
6
4
2
4
3

4
17
9
2
4
4
6

1
3
5
2
2
3
3

1
2
1
2
3
2

1
4
1
2
2
1

1
2
1
1
2
1

County

Allendale
102
3
Bamberg
262
2
Barnwell
379
1
Beaufort
273
5
Colleton
285
6
Hampton
211
3
w
Based on USDA, NASS Vegetables Summary 2014.
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Total number
of sampled
fields in
seasonz

21

24

11

x

The number of sampled fields in a county was calculated using proportional allocation based on the watermelon acreage in the

county. Fields were chosen randomly from all fields of a selected grower.
y

The sampled growers were chosen randomly from a list of all growers in a county.

z

The total number of fields to be sampled in a season was predefined at the beginning of each sampling season.
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Table 3.2. Effect of previous crops on probability of occurrence of foliar pathogens of watermelon in South Carolina

Pathogen

Cropv

Cercospora citrullina

Cucurbit
Fallow
Grain
Row crop
Vegetable

Probability
Colletotrichum
orbiculare

Probability
Pseudoperonospora
cubensis

Probability
Podosphaera xanthii

Cucurbit
Fallow
Grain
Row crop
Vegetable

2015 Spring
Probability of pathogen
occurrencew
0.1315 ab x
n.a y
0.0377 b
0.0977 a
0.0000 c
<0.0001

2016 Spring
Probability of pathogen
occurrence
0.0100 c
0.0384 b
0.0033 d
0.0939 a
0.0055 cd
<0.0001

2016 Fall
Probability of pathogen
occurrence
0.0025 c
0.1240 a
n.a.
n.a.
0.0181 b
0.0303

0.0200 b

0.0400 a

0.0000
0.0687
0.0713
0.0194

0.0000 c
n.a.
n.a.
0.0083 b
0.0013
n.d.

n.d. z
n.d.
n.d.
n.d.
n.d.
n.d.

Cucurbit
Fallow
Grain

n.a.
0.4074 a
0.1990 a

Vegetable

0.0000 b
<0.0001
0.1696 c
n.a. n.a.
0.4843 a

Cucurbit
Fallow
Grain

n.d.

0.4647 a

Row crop

c
a
a
b
<0.0001

n.d.
n.d.
n.d.

n.d.
n.d.
n.d.

n.d.

n.d.

n.d.
0.6600 a
0.5316 ab
0.1544 b
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n.d.
0.0925 b
0.9120 a
n.a. n.a.

Row crop
Vegetable
Probability
Stagonosporopsis spp.

Cucurbit
Fallow
Grain
Row crop
Vegetable

Probability
Leaves with no
pathogens

Cucurbit

0.1600 c
0.3000 b
0.0408
0.6571 a
n.a.
0.3927 bc
0.4564 b
0.2901 c
<0.0001

0.3364 b
0.2555 b
0.0023
0.7400 a
0.7268 a
0.3264 b
0.4040 b
0.2079 c
<0.0001

n.a.
0.0000 c
0.0005
0.8075 a
0.8300 a
n.a.
n.a.
0.4461 b
0.0143

0.0554 c

0.1101 c

0.1750 b

Fallow
Grain
Row crop
Vegetable

n.a.
0.1621 bc
0.0120 c
0.2377 b
0.5071 a
n.a.
0.3778 ab
0.2986 b
n.a.
0.4600 a
0.5506 a
0.3206 a
Probability
0.0007
<0.0001
0.0490
v
Cucurbits included watermelon, cantaloupe, and pumpkin. Grains included rye, wheat, and corn. Row crops included cotton, peanut,
and soybean. Vegetables included collard, southern pea, and tomato. In fall 2016, tomato was the only previous vegetable crop.
w

Probabilities of pathogen occurrence were least squares means calculated in SAS PROC SURVEYLOGISTIC.

x

Mean separation letters are based on p-values computed for least squared means.

y

n. a. Rotation crop was not present in sampled fields in the given season.

z

n. d. Pathogen was not detected in the given season.
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Table 3.3. Comparison of probabilities of pathogen occurrence on diploid versus triploid watermelon cultivars at the time of sampling
in the spring of 2015 and 2016a
2015
2016
Pathogen
diploid
triploid
P-value
diploid
triploid
P-value
C. citrullina
0.1389
0.0434
0.0005
0.0965
0.0650
0.2945
b
C. orbiculare
n.d.
n.d.
n.d.
0.2082
0.0481
0.0349
P. cubensis
0.3187
0.1314
0.0381
n. d.
n. d.
n. d.
P. xanthii
0.2443
0.2178
0.7083
0.4470
0.3045
0.3849
Stagonosporopsis spp.
0.5246
0.5097
0.8685
0.4920
0.3589
0.1716
No Pathogens
0.2855
0.3356
0.7194
0.1160
0.3781
0.0007
a
Values are least-squared means obtained from logistic regression and represent probabilities of pathogen occurrence.
b

n.d. Pathogen was not detected in the given year.
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Table 3.4. Effect of watermelon field size on pathogen occurrence at the time of sampling in South Carolina from 2015 to 2016
2015 Spring
2016 Spring
Standard
Standard
Estimate a
error
P-value Estimate
error
-0.0234
0.0298 0.4495 -0.0123
0.0184
b
n.d.
n.d.
n.d. -0.0272
0.0413
n.d.
n.d.
n.d.
n.d.
n.d.
-0.0355
0.0251 0.1850
n.d.
n.d.
-0.0200
0.0171 0.2661 -0.0283
0.0369

2016 Fall
Standard
Estimate
error
-0.0332
0.0127
-0.0437
0.0223
0.2931
0.0147
n.d.
n.d.
-0.0891
0.0223

Pathogen
P-value
P-value
C.citrullina
0.5143
0.1202
C. orbiculare
0.5228
0.1890
Myrothecium s.l.
n.d.
0.0025
P. cubensis
n.d.
n.d.
P. xanthii
0.4573
0.0572
Stagonosporopsis
spp.
-0.0045
0.0122 0.7205 -0.0095
0.0101
0.3694
-0.0441
0.0041 0.0085
Virus
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
-0.2368
0.0099 0.0018
Leaves with no
pathogens
0.0122
0.0108 0.2820
0.0282
0.0173
0.1292
-0.0081
0.0008 0.0097
a
Maximum likelihood estimates represent percent change in probability of pathogen occurrence per unit increase in field size (1 ac =
0.40 ha). Negative estimates indicate a decrease in the probability of pathogen occurrence with increasing field size. Positive estimates
indicate an increase in the probability of pathogen occurrence with increasing field size.
b

n.d. Pathogen was not detected in the given year.
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Table 3.5. Effect of plant age at the time of sampling on the probability of occurrence of foliar pathogens of watermelon in two
seasons in South Carolinaa
2016 Spring
2016 Fall
Standard
Standard
Pathogen
Estimateb error
P-value Estimate error
P-value
C. citrullina
0.0501
0.0244
0.0620 -0.0149
0.0141
0.4014
C. orbiculare
-0.0710
0.0364
0.0751 -0.0320
0.0068
0.0424
c
Myrothecium s.l.
n.d.
n.d.
n.d.
0.0538
0.0077
0.0198
P. xanthii
0.0929
0.0293
0.0081
0.4958
0.1487
0.0794
Stagonosporopsis spp.
0.0086
0.0088
0.3465
0.0101
0.0018
0.0304
No pathogens
-0.0360
0.0175
0.0623 -0.0347
0.0023
0.0044
a
The effect of plant age could not be analyzed for spring 2015 because no data on planting dates was collected that season.
b

Maximum likelihood estimates represent percent change in probability of pathogen occurrence per unit increase in time (1 d).

Negative estimates indicate a decrease in the probability of pathogen occurrence with increasing plant age. Positive estimates indicate
an increase in the probability of pathogen occurrence with increasing plant age.
c

n.d. Pathogen was not detected in the given year.
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Table 3.6. Effect of sampling date on probability of occurrence of foliar pathogens of watermelon from 2015 to 2016 in South
Carolina

a

2015
Standard
error
0.0270
n.d.
n.d.
0.0349
0.0162

2016 Spring
Standard
error
0.0217
0.0167
n.d.
n.d.
0.0194

2016 Fall
Standard
error
0.0390
0.0502
0.0415
n.d.
0.0496

Pvalue
0.0074
0.2421
0.9736
n.d.
0.0843

Pathogen
Estimate
P-value Estimate
P-value Estimate
C.citrullina
0.0665
0.0315
0.0371
0.1134 -0.4500
C. orbiculare
n.d. b
n.d.
0.1019
<0.0001 0.0824
Myrothecium s.l.
n.d.
n.d.
n.d.
n.d.
0.0016
P. cubensis
0.0977
0.0174
n.d.
n.d.
n.d.
P. xanthii
0.0973
<0.0001 0.0823
0.0011 -0.1600
Stagonosporopsis
spp.
0.0703
0.0132
0.0002 -0.0018
0.0121
0.8826
0.0235
0.0231 0.4156
No pathogens
-0.1238
0.0128
<0.0001 -0.0587
0.0171
0.0049
0.0064
0.0201 0.7808
a
Maximum likelihood estimates represent percent change in probability of pathogen occurrence per unit increase in time (1 d).
Negative estimates indicate a decrease in the probability of pathogen occurrence with increasing sampling date. Positive estimates
indicate an increase in the probability of pathogen occurrence with increasing sampling date.
b

n.d. Pathogen was not detected in the given year.

130

Table 3.7. Effect of field alignment on estimated probability of occurrence of foliar pathogens of watermelon in South Carolina
compared within pathogen-year combinationsx
Season,
yeary
Spring 2015

Pathogen

P-value

South

Southeast

Southwest

West

Cercospora citrullina <0.0001 0.1260 a z
0.0110
b
0.0000
c
0.0919
a
Podosphaera xanthii
0.0003 0.3331 a
0.2602 abc 0.1067
c
0.1661
b
Pseudoperonospora
<0.0001 0.1258 b
0.4522
a
0.0033
c
0.1980 ab
cubensis
Stagonosporopsis spp. <0.0001 0.7461 a
0.4894
a
0.3133
b
0.4119 ab
No pathogens
<0.0001 0.0937 b
0.3307
ab 0.5967
a
0.3825
a
Spring 2016 Cercospora citrullina <0.0001 0.0666 a
0.1110
a
0.0839
a
0.0011
b
Podosphaera xanthii
<0.0001 0.2860 b
0.7537
a
0.1767 bc 0.1241
c
Stagonosporopsis spp. 0.0993 0.3045 b
0.4214
a
0.4433 ab 0.2854
b
No pathogens
<0.0001 0.3853 b
0.0896
c
0.3552
b
0.5910
a
x
Values are least-squared means obtained from logistic regression and represent probabilities of pathogen occurrence.
y

Fall 2016 was excluded from this analysis due to the small sample size of 11 fields.

z

Means within rows followed by the same letter do not differ significantly at the indicated P-value based on least squares means

calculated in SAS PROC SURVEYLOGISTIC.

131

Table 3.8. Fungicides applied to watermelon fields during the two-week period prior to sampling in two seasons in South Carolina
Spring 2015 Spring 2016
FRAC
Code
M
M
M
11
7
9
3
12
43
49
11
3

Active
ingredient

Protective/
Systemic
P
P
P
S
S
S
S
S
S
S
S
S

≤7
days

7 to
14
days

≤7
days

7 to
14
days

Specific activity against pathogens a

C.
citrullina

P.
xanthii

P.
cubensis

Stagonosporopsis
spp.

+
+
+
+
chlorothalonil
+
+
copper
+
+
+
+
+
mancozeb
+
+
+
+
+
azoxystrobin
+
+
b
+
boscalid
+
+
+
n.d.
+
+
cyprodinil
+
+
+
n.d.
+
+
difenoconazole
+
+
+
n.d.
+
+
fludioxonil
+
+
fluopicolide
+
+
+
oxathiapiprolin
+
n.d.
pyraclostrobin
+
+
+
+
+
tebuconazole
+
+
+
+
thiophanate+
1
S
+
+
+
methyl
+
3
triflumizole
S
+
a
Specific activity as reported in Kemble et al. (2018). A “+” indicates the fungicide was rated as having excellent, good, or fair

efficacy against a given pathogen, and a “-“ indicates the fungicide was rated as having poor or no efficacy.
b

n.d. No data on efficacy.
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Table 3.9. Effect of fungicide applications on the probability of pathogen occurrence on
watermelon leaves at the time of sampling in three seasons in South Carolina
Up to 7 days
P-value Mean

7 to 14 days
P-value
Mean

Season, Pathogen
yeara

Fungicide
groupb

Spring,
2015

none

<0.0001 0.1780

a

some

0.0000

b

none

0.0067 0.4428

a

some

0.0543

b

Podosphaera xanthii

none
some

0.5746 0.2379
0.2084

Stagonosporopsis
spp.

none

<0.0001 0.6188

a

some

0.2996

b

No pathogens

none
some

<0.0001 0.1224
0.5264

b
a

Cercospora
citrullina

none

0.8125 0.0665

some

0.0729

Colletotrichum
orbiculare

none

0.6202 0.0535

some

0.0354

Podosphaera xanthii

none
some

0.0633 0.5428
0.2227

Stagonosporopsis
spp.

none

0.8689 0.3816

some

0.3944

No pathogen

none

0.0125 0.2075

Cercospora
citrullina

Pseudoperonospora
cubensis

Spring,
2016
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0.1376

0.1545
0.0795

0.2455

0.3411
0.1713

0.2784

<0.0001

0.2705
0.1810
0.7322 a
0.3923 b

0.0021

0.1282 b
0.3966 a

0.4789

0.0799
0.0578

0.9807

0.0420
0.0413

a
b

0.5321

0.2816
0.4082

0.0885

0.4471 a
0.3097 b

b

0.4599

0.3133

some

0.4050

a

0.3683

a

Fall 2016 was excluded from this analysis due to the small sample size of 11 fields.

b

Fields treated with any fungicide were compared to fields where no fungicides were

applied (none vs. some).
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Fig. 3.1. Estimated probability of pathogen occurrence by county compared within pathogen
across counties. A, Estimates for spring 2015. B, Estimates for spring 2016. Pseudoperonospora
cubensis was observed only in spring 2015 and Colletotrichum orbiculare only in spring 2016.
Error bars give one standard error calculated with SAS, PROC SURVEYMEANS.
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CHAPTER FOUR

STACHYBOTRIACEAE ON CUCURBITS DEMYSTIFIED:
GENETIC DIVERSITY AND PATHOGENICITY OF INK SPOT PATHOGENS

Introduction
In our recent survey of foliar pathogens of watermelon in South Carolina, 5999 leaves from
60 commercial fields were examined over the course of four seasons between spring 2015 and fall
2017. Myrothecium s.l. was the most common pathogen in the fall 2017 season and the second
most common pathogen in fall 2016. It also occurred at low levels in spring 2016. That study was
the first identification of Myrothecium leaf spot on watermelon in South Carolina (Rennberger et
al. 2018). The repeated high occurrence of Myrothecium s.l. in commercial watermelon fields in
South Carolina, the severity of the symptoms caused by it, and the necessity of correctly
identifying the species causing Myrothecium leaf spot of watermelon in South Carolina led to the
current study.
The fungal family Stachybotriaceae, which was recently introduced to accommodate the
genera Myrothecium, Peethambara and Stachybotrys, is comprised of closely related species with
two separate general morphologies, myrothecium-like and stachybotrys-like (Crous et al. 2014).
Myrothecium-like species are characterized by sporodochial conidiomata, whereas stachybotryslike species have macronematous, mononematous, erect conidiophores arranged singly or in
groups (Lombard et al. 2016). The generic concept of Myrothecium in the first monograph
published by Tulloch in 1972 was too broad and led to the erroneous placement of several fungal
species into the genus (Nag Raj 1993, 1995). The sole basis for those taxonomic assignments into
the genus Myrothecium was the presence of morphological characteristics, primarily hyaline, non-
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septate conidia that are slimy and olivaceous-green to black in mass (Lombard et al. 2016; Tulloch
1972).
Phylogenetic inference by Lombard et al. (2016) subsequently showed that both
Myrothecium and Stachybotrys were polyphyletic. This led to the introduction of 13 new genera
with myrothecium-like morphology. The taxonomic rearrangement of Stachybotriaceae by
Lombard et al. (2016) reduced the genus Myrothecium to only two species, which are characterized
by the production of conidia < 5 µm in length without mucoid appendages, in slimy, olivaceous to
dark green masses that are “surrounded by a setose fringe” (Lombard et al. 2016). The two species
remaining in the genus Myrothecium are M. inundatum, the type species for the genus, and M.
simplex. All but one of the Myrothecium spp. isolates analyzed by Lombard et al. (2016) were
originally recovered from decaying agarics. The remaining isolate was obtained from leaf litter.
As concluded by Lombard et al. (2016) these findings put the relevance of the genus Myrothecium
as plant pathogens into question and it appears that they are mainly mycoparasites.
Nine of the 13 new myrothecium-like genera described by Lombard et al. (2016) are
monotypic, i.e. contain only one species. Four of these, Capitofimbria compacta (= M.
compactum), Inaequalispora prestonii (= M. prestonii), Smaragdiniseta bisetosa (= M. bisetosum)
and Xenomyrothecium tongaense (= M. tongaense), previously were members of the genus
Myrothecium. The remaining five monotypic genera, which contain Dimorphiseta terrestris,
Gregatothecium

humicola,

Neomyrothecium

humicola,

Parvothecium

terrestre

and

Tangerinosporium thalicicola were established for distinct phylogenetic lineages with specific
morphological characteristics (Lombard et al. 2016). Well-known, former Myrothecium species
that were placed in newly introduced genera are Paramyrothecium roridum (= M. roridum) and
Albifimbria verrucaria (= M. verrucaria). Species formerly known as M. leucotricha and M.
indicum clustered together in a well-supported clade and were synonymized under the already
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existing taxon name Xepicula leuchotricha (Lombard et al. 2016, Nag Raj 1993). Among others
within the established genus Paramyrothecium, the species names P. foliicola and P. humicola
were introduced for two highly supported clades closely related to P. roridum and P. parvum,
respectively (Lombard et al. 2016).
All 42 disease reports reviewed for this study include either P. roridum or A. verrucaria.
To the best of our knowledge there is no report of another member of Stachybotriaceae being a
plant pathogen. The reports include 62 different host species from 23 diverse plant families, which
indicates a very wide host range. Six out of ten reports published after Lombard et al. (2016)
rearranged the family and resolved taxonomic irregularities still inadequately identified
myrothecium-like fungi with ITS and falsely referred to them as either M. roridum or M.
verrucaria (Alam et al. 2017; Ben et al. 2017; Dar et al. 2017; Saira et al. 2017; Jordan et al. 2018;
Ning et al. 2018). There are reports of both M. roridum and M. verrucaria on cowpea (Vigna
unguiculata) and of M. roridum on tomato (Solanum lycopersicum) (Farr and Rossman 2018).
Along with watermelon these two crops are important in crop rotations in South Carolina. We
found 11 reports of species that are on or include cucurbits. The majority of these diseases occur
on melon (Cucumis melo) and watermelon (Citrullus lanatus), but leaf spot diseases caused by
members of this group of fungi were also reported on bitter gourd (Momordica charantia),
cucumber (Cucumis sativus), zucchini and pumpkin (Cucurbita pepo), squash (Cucurbita
moschata), and West Indian gherkin (Cucumis anguria) (Ali et al. 1988; Yang and Jong 1995;
Cabral et al. 2009; Chen et al. 2018).
Myrothecium leaf spot on cucurbits is a disease most likely caused by several species in
the species complex Myrothecium sensu lato (s.l.) (Bruton and Fish 2017; Lombard et al. 2016).
The disease can affect cucurbit foliage, crowns, stems, and fruits. On fruits it is referred to as crater
rot due to the sunken lesions. Symptoms on leaves are round to irregular-shaped lesions with tan
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centers and brown margins surrounded by a yellow halo. Concentric rings in lesions can be
observed frequently. Abundant sporodochia with typical olivaceous-green to black spore masses
are present on symptoms on all plant parts. The pathogen is a common soil inhabitant, but there is
no specific information about its mode of overwintering (Bruton and Fish 2017). The disease was
first reported on Mexican cantaloupe that was intercepted at the Texas border in 1950.
Subsequently, the first report in the United States was from the Rio Grande Valley of Texas in
1961 (McLean and Sleeth 1961). Myrothecium leaf spot was since reported in Georgia and
Oklahoma in the United States (Seebold et al. 2005; Bruton and Fish 2012). Both reports relied on
morphological characteristics for identification and assigned the name M. roridum to the fungi that
were recovered from watermelon leaves.
The objectives of this study were to (i) identify the fungal species recovered from
watermelon and other cucurbits with symptoms of Myrothecium leaf spot observed in four seasons
in South Carolina, (ii) characterize the genetic variability within our isolate collection, and (iii)
determine the pathogenicity and virulence of the identified species on watermelon, tomato, and
cowpea.

Materials and Methods

Isolate collection. Isolates were obtained from symptomatic leaves collected in 11
commercial watermelon fields from eight growers in four counties in South Carolina in July 2015,
June and September of 2016, September 2017, and May 2018. In addition, one isolate each was
recovered from cucumber (Cucumis sativus) and cassabanana (Sicana odorifera) plants in two
research plots in Charleston, SC, in May 2017 and October 2016, respectively. The majority of
isolates (n = 78) were collected in four fields on two farms in Beaufort county in September 2017

139

based on a sampling scheme described previously (Rennberger et al. 2018). For isolates collected
from those four fields the location of origin at the sampling point and leaf scale were recorded.
Leaf pieces were cut from lesions on symptomatic leaves, surface disinfested in 0.825% sodium
hypochlorite for 60 s, rinsed in autoclaved deionized water, and placed onto quarter-strength potato
dextrose agar (QPDA) amended with 0.1 g/liter chloramphenicol, 0.1 g/liter streptomycin and 45.3
µl/liter mefenoxam (Ridomil Gold SL, Syngenta, Greensboro, NC) for pathogen recovery (Keinath
2008). In total, 95 single-spore isolates collected from five counties in South Carolina were
obtained between July 2015 and May 2018 and stored at -8°C on dried filter paper until further
use (Table 4.1).
DNA extraction and amplification. Fungal mycelium was grown in 100 ml potato
dextrose broth for 14 days. Extractions of genomic DNA were done using a DNeasy Plant Mini
Kit (Qiagen, Redwood City, CA). Clay beads, two scoops of fine sand, and 100 mg of wet
mycelium were added into 2-ml round bottom tubes. Then, 400 µl lysis buffer was added and the
tissue was lysed for two cycles of 20 s in a bead beater (FastPrep-24, M.P. Biomedicals, Irvine,
CA). Four µl of RNAse A were added and samples were incubated at 65°C for 10 min, before
DNA extraction according to the manufacturer’s instructions. Extracts were diluted to 10 ng/µl for
use in polymerase chain reactions (PCR). Partial sequences were obtained of the internal
transcribed spacer regions 1 and 2 (ITS) amplified with primers ITS4 and ITS5 (White et al. 1990),
RNA polymerase II second largest subunit (RPB2) with primers RPB2-5F2 and RPB2-7cR
(O’Donnell et al. 2007), β-tubulin (TUB2) with primers Bt2a and Bt2b (Glass and Donaldson
1995), and calmodulin (CAL) with primers CAL-288F and CAL2Rd (Groenewald et al. 2013). All
primers were diluted to a concentration of 10 mM for use in PCR reactions. The total volume for
all PCR reactions was 30 µl. For ITS, reactions consisted of 6.1 µl 5x green GoTaq buffer
(Promega, Madison, WI), 1.22 µl of dNTPs (Applied Biosystems, Foster City, CA), 1.22 µl of
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each primer, 0.305 µl GoTaq (Promega, Madison, WI), and 2 µl of DNA template. Thermal
cycling was initiated by denaturing at 94°C for 5 min, which was followed by 35 cycles of 94°C
for 1 min, 55°C for 1 min, and 72°C for 1 min. The PCR was completed by a final step of 72°C
for 10 min and cooling the reaction to 4°C until further use. For RPB2, reactions consisted of 6 µl
5x green GoTaq buffer, 3 µl of dNTPs, 2.4 µl of each primer, 0.18 µl GoTaq, and 2 µl of DNA
template. A touchdown PCR protocol was developed for the amplification of RPB2. Thermal
cycling was initiated by denaturing at 94°C for 90 s. Subsequently, 10 cycles consisting of 94°C
for 30 s, an annealing temperature dropping by 0.4°C in each cycle from 60°C to 56.4°C for 90 s,
and 68°C for 2 min, were run. This was followed by 17 cycles of 94°C for 30 s, 56°C for 90 s, and
68°C for 2 min. The PCR was completed by a final step of 72°C for 5 min and cooling the reaction
to 4°C until further use. For TUB2, reactions consisted of 6 µl 5x green GoTaq buffer, 3 µl of
dNTPs, 0.6 µl of each primer, 0.18 µl GoTaq, and 2 µl of DNA template. Thermal cycling was
initiated by denaturing at 94°C for 2 min, which was followed by 32 cycles of 94°C for 1 min,
58°C for 1 min, and 72°C for 1 min (Glass and Donaldson 1995). The PCR was completed by a
final step of 72°C for 5 min and cooling the reaction to 4°C until further use. For CAL, reactions
consisted of 6 µl 5x green GoTaq buffer, 3 µl of dNTPs, 1.5 µl of each primer, 0.18 µl GoTaq, and
2 µl of DNA template. Thermal cycling was done as described in Carbone and Kohn (1999).
Afterwards, PCR products were stored at 4°C until further use.
Molecular analyses. All amplicons were sequenced in both directions. For each isolate,
sequences for the four loci were assembled in Geneious (v. 10.2.4) and additional sequences for
Myrothecium s.l. from Lombard et al. (2016) were obtained from GenBank. Alignments for each
locus were prepared with MAFFT (v. 7.388) in Geneious and adjusted manually when necessary
(Katoh and Standley 2013). The alignments of the four loci were concatenated in Geneious.
Bayesian inference (BI) was used for phylogenetic analyses of alignments and
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concatenated alignments. The most suitable nucleotide substitution model for each dataset was
chosen with jModelTest 2, which was run through the CIPRES website (Miller et al. 2010). The
models chosen were based on the Akaike information criterion corrected for small sample sizes
(AICc) and were incorporated in the analysis with BI (Darriba et al. 2012). Models that are not
available in MrBayes were replaced by the closest over-parameterized model (Huelsenbeck and
Rannala 2004, Lecocq et al. 2013) The selected models were: JC for TUB2, GTR+G for CAL, ITS,
and RPB2 and GTR+I+G for the concatenated alignment of all four gene regions. MrBayes
(v.3.2.6) was employed for BI analyses on the CIPRES website to generate phylogenetic trees
under optimal criteria for each gene region. A Markov Chain Monte Carlo (MCMC) algorithm
starting from a random tree topology and with four chains running in parallel was utilized with a
heating parameter of 0.3 until the average standard deviations of split differences were below 0.01.
Trees were saved every 1,000 generations and 25% of the trees was discarded as a burnin phase.
Posterior probabilities (PP) were calculated from the remaining trees and consensus trees were
computed in MrBayes (v.3.2.6) using the 50% majority rule. The four gene regions were analyzed
separately and combined, and five analyses were conducted independently for each gene region
and the combined data set (Lecocq et al. 2013). The potential scale reduction factor (PSRF) was
used to validate convergence of MCMC. The PSRF approached a value of 1.000 for all branch and
node parameters indicating convergence (Brooks and Gelman 1998).
The genetic diversity within species was estimated by calculating haplotype diversity (h),
nucleotide diversity (π), number of haplotypes (k), and number of polymorphic sites (PS) for each
gene. X. tongaense was excluded from this analysis because it was represented by only one isolate
in the collection (Table 4.1). DnaSP (v.5) was used to estimate these four measures of genetic
diversity (Nei and Tajima 1983, Rozas and Rozas 1997).
Morphological characterization. Appearance of mycelium and presence of pigments that
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diffused into the medium of all isolates was examined. The size and shape of 10 conidia of the
isolates used in the pathogenicity tests, as well as the single isolate of X. tongaense, were measured
with a stage micrometer using a Zeiss Axio Imager.A1 microscope at 1000× magnification. To
confirm presence of funnel-shaped appendages, conidia of A.verrucaria were stained with safranin
O (J.T Baker Chemical Co., Phillipsburg, NJ) in a 10% ammonia solution (Tulloch 1972).
Pathogenicity tests. One representative isolate of A. verrucaria, P. foliicola, P. humicola,
and X. leucotricha and two isolates of G. humicola were used for pathogenicity tests. Two isolates
of G. humicola were included because it was the most prevalent species found in fields sampled
for this study. The single isolate of X. tongaense identified in this study was not included in the
pathogenicity tests. Seeding of cowpea cultivar Quickpick Pinkeye, tomato cultivar BHN602, and
watermelon cultivar Tri-X-313 used for the tests, was staggered to obtain plants of similar sizes.
Watermelon plants were seeded 14 days after tomato plants and cowpea plants were seeded 11
days after watermelon plants. Approximately 7 days after cowpeas were seeded, two plants each
were transplanted into 10.2-cm-wide square plastic pots.
Fungal cultures were grown on QPDA for 3 to 4 weeks. Culture plates were flooded twice
with 7 ml sterile deionized water and scraped with sterile microscope slides. Conidia densities
were counted using a hemocytometer and were adjusted to 1×106 conidia/ml for the first test and
to 2×106 conidia/ml that for all subsequent tests. Handheld spray bottles were used to apply
inoculum suspensions to the entire surface area of plants until run-off. One pot of each host-fungus
combination was then transferred into each of five humidity chambers in the greenhouse and
incubated for 4 days at ≥ 95% RH and 30 ± 5°C. Control plants of each host were sprayed with
deionized water and added to each humidity chamber. Subsequently, pots were removed from the
chambers and placed onto greenhouse benches for 7 days. After this, incidence and severity of
symptoms was rated, and the number of affected plant parts and total lesions per plant were
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counted. Presence or absence of symptoms on each plant in a pot was recorded, and disease
severity was rated as the percentage of affected leaf area per plant using a scale of 0 to 100% in
5% increments, plus 1% for minor symptoms. Two pieces of leaf tissue from each symptomatic
plant were cultured to recover the pathogens, as described above. After 4 days of incubation at 24
± 1°C and a 12-h light cycle, culture plates were examined, and ratings corrected based on
pathogen recovery. For confirmation of identity, two cultures from each treatment were saved and
used to assess culture characteristics. In addition, size and shape of conidia were determined
microscopically at 1000× magnification.
Statistical analysis. All statistical analyses were computed with PROC GLIMMIX of SAS
statistical software (v. 9.4; SAS Institute Inc., Cary, NC). Incidence data was analyzed with a
binomial model with host, isolate and host-by-isolate interaction as fixed effects and experiment
and blocks within experiment as random effects. The logit function was used as link function, and
model fit was assessed with fit statistics and Pearson residual plots. The solution option was used
to back-transform the data, and pairwise comparisons between isolates and hosts were calculated
with paired t-tests of least squares means. Count data of number of affected plant parts and number
of lesions per plant as well as severity ratings were analyzed by fitting the same model with a
Poisson distribution and using the log function as the link function in the model. Linear contrasts
were specified in the estimate statement to compare fungal species. The same analyses were used
subsequently to analyze data sets separately for each host. If host-by-isolate interactions were
present the fungal isolates were compared only within each host but not across all three.
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Results

Morphological characteristics. All isolates produced sporodochial conidiomata with
olivaceous green to black spore masses and aseptate conidia. A. verrucaria isolates lacked aerial
mycelium and exuded a light cream to orange-colored pigment into the medium (Fig. 4.1). Conidia
were lemon-shaped to fusiform, hyaline and measured 7.5 ± 0.5 µm in length and 2.3 ± 0.3 µm in
width. In addition, conidia had funnel-shaped appendages that were visible when stained as
described. These characteristics correspond to the description by Tulloch (1972). G. humicola
isolates had white aerial mycelium that becomes immersed and produced an orange pigment that
changed the color of the medium. Conidia were cylindrical to subcylindrical with rounded ends,
hyaline, and 6.9 ± 0.5 µm long and 1.93 ± 0.2 µm wide. P. foliicola isolates produced abundant
white aerial mycelium but apart from one isolate that produced a light orange-colored pigment did
not change the color of the medium. Conidia were cylindrical to subcylindrical with rounded ends,
hyaline, and measured 6.3 ± 0.5 µm in length and 1.4 ± 0.3 µm in width. Mycelium of P. humicola
was mostly immersed, and a light orange-colored exudate was produced that diffused into the
medium. Conidia were cylindrical to subcylindrical with rounded ends, hyaline, and measured 8.9
± 0.6 µm in length and 2.0 ± 0.0 µm in width. X. tongaense had sparse white aerial mycelium that
was mostly immersed. It produced a distinct yellow exudate that diffused into the medium. Conidia
were cylindrical to subcylindrical with rounded ends, hyaline, and measured 6.4 ± 0.5 µm in length
and 2.0 ± 0.0 µm in width. The mycelium of X. leucotricha was dense and appressed. Conidia
were cylindrical to subcylindrical with rounded ends, hyaline, and 7.3 ± 0.4 µm long and 2.0 ± 0.0
µm wide. The color of X. leucotricha on QPDA was light yellow or beige to deep yellow (Fig.
4.1).
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Species diversity. Phylogenetic analysis was conducted on the combined sequences of
CAL, ITS, TUB2 and RPB2. Tree topology and relationships among taxa closely resembled those
reported by Lombard et al (2016). Three isolates, MU42, MU46, and MU94, clustered together
with 13 reference strains of A. verrucaria with high statistical support (PP = 1.0) (Fig. 4.2). The
largest group of isolates in the collection, 51 isolates (MU17-26, MU28-41, MU43-45, MU47-49,
MU53, MU55-57, MU60-63, MU65-72 and MU89-93), formed a clade with G. humicola
reference strain CBS 205.96 (PP ≥ 0.95). The second largest set of 30 isolates (MU1, MU9-14,
MU50-52, MU54, MU58-59, MU63 and MU73-87) clustered together with P. foliicola reference
strains CBS 113121 and CBS 419.93 but formed a separate clade within P. foliicola distinct from
the reference strains (PP = 1.0). Two isolates, MU4 and MU16, formed a highly supported (PP =
1.0) clade with P. humicola reference strain CBS 127295 and are closely related to P. parvum
(CBS 142.42 and CBS 257.35). Isolate MU27 was the sole representative that clustered with X.
tongaense reference strain CBS 598.80 (PP = 1.0). Five isolates, MU2, MU3, MU8, MU15, and
MU95 formed a clade of high statistical support with X. leucotricha reference strains CBS 131.64,
CBS 256.57, CBS 278.78 and CBS 483.78 (PP = 1.0). MU95, however, was distinct from all other
isolates and reference strains (PP = 1.0) (Fig. 4.2). The remaining three isolates, MU5-MU7,
formed a distinct clade most closely related to P. breviseta, P. foliicola, and P. roridum and could
therefore not be identified to species level. Their membership in the genus Paramyrothecium
however, is well supported (PP = 1.0).
G. humicola and A. verrucaria were found only in September 2017 in Beaufort County
(Table 4.1). G. humicola was recovered from leaves collected in all four fields, while A. verrucaria
occurred in only two fields that were sampled in September 2017. P. foliicola was found in one
field in Colleton County in July 15, one field each in Bamberg and Beaufort counties in September
2016, and one field in Beaufort county in September 2017. The two isolates of P. humicola were
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recovered from leaf samples collected from a field in Colleton County in June 2016 and from a
research plot in Charleston County in May 2017. The three isolates that formed a distinct clade
within the genus Paramyrothecium were collected in June 2016 from two fields in Colleton County
and a field in neighboring Bamberg County. The single isolate identified as X. tongaense was
collected in a field in Beaufort County in September 2017. X. leucotricha was found in a field in
Colleton County in June 2016, a field in Beaufort County in September 2016, from a research plot
in Charleston County in October 2016, and from a field in Barnwell County in May 2018 (Table
4.1).
The 29 isolates from field A1 in Beaufort County, consisted of three different species, A.
verrucaria, G. humicola, and X. tongaense. A. verrucaria and G. humicola also were found in field
A2, which was managed by the same grower as field A1. Two of the three isolates obtained from
field A2 were A. verrucaria, and the other isolate was G. humicola. Fields B1, B2, and B3 in
Beaufort County were managed by the same grower, different from the grower who managed fields
A1 and A2. Fields A1, A2, B1, and B2 were sampled in September 2017. Only three isolates of
Stachybotriaceae, all G. humicola, were recovered from leaf samples collected in field B1. Of the
43 isolates collected in field B2, 20 were identified as G. humicola and 23 as P. foliicola (Table
4.1).
Genetic diversity within species. Measures of genetic diversity were computed for the
five species represented by more than one isolate (Table 4.1, 4.2). More than one haplotype of
CAL and RPB2 was detected in all five species. Two haplotypes of CAL were found for A.
verrucaria, P. foliicola, and P. humicola. For A. verrucaria these haplotypes were based on only
one polymorphic site. For P. foliicola and P. humicola they were based on 5 and 12 polymorphic
sites, respectively. Among the 51 isolates of G. humicola, there were three haplotypes based on 12
polymorphic sites, and among the five isolates of X. leucotricha there were four different
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haplotypes based on 64 polymorphic sites. We found two haplotypes for RPB2 for A. verrucaria,
G. humicola, and P. humicola, while there were four for P. foliicola and X. leucotricha. The
haplotypes for RPB2 were based on 6, 3, 8, 7 and 59 polymorphic sites for these five species,
respectively. The only species that had different haplotypes of ITS was X. leucotricha, for which
three different haplotypes based on eight polymorphic sites of ITS were detected. There were two,
three, and three different haplotypes of TUB2 for A. verrucaria, G. humicola, and X. leucotricha,
respectively. For A. verrucaria they were based on only one polymorphic site, but for G. humicola
and X. leucotricha on 45 and 27 polymorphic sites, respectively. There was only one haplotype of
TUB2 for both P. foliicola and P. humicola. Due to the low number of isolates of A. verrucaria,
P. humicola and X. leucotricha, π and h can only be compared meaningfully between G. humicola
and P. foliicola. For CAL and RPB2, P. foliicola was more genetically diverse than G. humicola
with regards to both π and h, but for TUB2, G. humicola was more genetically diverse than P.
foliicola .
Genetic differences within the 78 isolates collected in fall 2017 were detected on small
spatial scales in three fields (A1, A2, and B2) in Beaufort County, which constitute the majority
of our isolate collection (Table 4.1, 4.3). Three of the 27 isolates of G. humicola collected from
field A1 originated from three lesions on the same leaf. These three isolates represented two
haplotypes for CAL and two for RPB2. In addition, there were two haplotypes for TUB2 within
two adjacent sampling points approximately 10 m apart. Based on the sequences of the four gene
regions that were examined, the majority of G. humicola isolates appeared clonal. Only five
isolates differed from the predominant multilocus genotype (MLG) at sites on either CAL, TUB2,
or RPB2. There were four different MLG in field A1 and three different ones in field B2. The
predominant clonal MLG in field A1 represented 24 of 27 isolates and in field B2 18 of 20 isolates.
It was the only MLG found in field A2 and B1. In field A2, the two isolates of A. verrucaria from
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field A2 separated into different haplotypes for all gene regions except for ITS. For P. foliicola,
there were two MLG in fields B2 and B3. In field B2, 22 of the 23 isolates and in field B3, 4 of
the 5 isolates were the predominant MLG. Each isolate of X. leucotricha represented a different
MLG.
At two sampling points in field B2 both species found in the field, G. humicola and P.
foliicola, were recovered from separate leaves collected at the same sampling point. At one
sampling point we identified two different CAL haplotypes of G. humicola. Additionally, two
different haplotypes of G. humicola were identified for TUB2 within two adjacent sampling points
in field B2. Of the 23 isolates of P. foliicola collected in field B2, 22 belonged to the same
haplotype for all four gene regions that were analyzed. However, two isolates of P. foliicola with
different RPB2 haplotypes were recovered from the same leaf, which was the only genetic
difference for this species detected in that field.
Pathogenicity tests. Culture characteristics and morphology of conidia confirmed the
identity of all representative cultures recovered from symptomatic plants. There was no significant
host-by-isolate interaction for disease incidence (P = 0.29). In the combined analysis there was no
difference in disease incidence among the tested isolates (P > 0.09) and species (P > 0.13), but
there was a highly significant (P < 0.0001) difference in disease incidence among hosts.
Significantly fewer (P < 0.0001) cowpea plants were symptomatic than tomato or watermelon
plants. Tomato (60.4% disease incidence) had the highest disease incidence, but incidence was not
significantly (P > 0.36) different from watermelon (54.1%). When incidence was analyzed
separately by host, there were no significant differences among isolates (P > 0.59 and P > 0.51)
and species (P > 0.27 and P > 0.19) on cowpea and tomato (Table 4.4). For watermelon, disease
incidence differed significantly among isolates (P = 0.0163) and species (Table 4.3). Disease
incidence on plants inoculated with X. leucotricha and A. verrucaria was significantly lower than
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on plants inoculated with all other species, except isolate 29 of G. humicola, which was not
significantly different from any other isolate used. There was no significant difference between
the two isolates of G. humicola.
There was a significant host-by-isolate interaction for number of lesions per plant (P <
0.0001) but not for the number of affected plant parts (P > 0.49). There were significant differences
among hosts for the number of affected plant parts (P < 0.0001). Significantly more plant parts
were affected on tomato than on cowpea and watermelon, and more plant parts were affected on
watermelon than on cowpea (Table 4.3).
On cowpea, G. humicola isolate 92 followed by P. foliicola caused the most lesions per
plant and were not significantly different from one another (Table 4.4). G. humicola isolate 92
caused significantly more lesions per plant than all other isolates except A. verrucaria and P.
foliicola. Isolate 29 of G. humicola caused the lowest number of lesions per plant, which was
significantly lower than all other isolates except P. humicola and X. leucotricha. On tomato, P.
foliicola caused by far the highest number of lesions per plant, which was significantly higher than
numbers caused by all other isolates. A. verrucaria caused the second highest number of lesions
per plant and differed significantly from all other isolates. As on cowpea, isolate 29 of G. humicola
caused the lowest number of lesions per plant, which was significantly lower than all other isolates.
The remaining three isolates, isolate 92 of G. humicola, P. humicola and X. leucotricha, grouped
together with the second lowest number of lesions caused per plant and were statistically different
from all other isolates. On watermelon, the highest number of lesions per plant was caused by
isolate 92 of G. humicola and P. foliicola, which caused significantly more lesions than any other
isolates. by X. leucotricha caused the lowest number of lesions, significantly fewer lesions per
plant than all other isolates. There was no statistical difference among the other three isolates, A.
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verrucaria, isolate 29 of G. humicola, and P. humicola, which grouped together causing the second
highest numbers of lesions per plant (Table 4.4).
There were no significant differences among isolates with regards to diseased plant parts
on cowpea (P > 0.49). On tomato and watermelon, the differences were similar to what was
observed for lesions per plant. P. foliicola caused symptoms on significantly more plant parts on
watermelon than all other isolates, except A. verrucaria and isolate 92 of G. humicola. The latter
two isolates were not significantly different from any of the other isolates. The highest number of
symptomatic plant parts on watermelon was caused by P. foliicola, but it was statistically different
only from A. verrucaria and X. leucotricha. In addition, isolate 92 of G. humicola and P. humicola
caused symptoms on significantly more plant parts than X. leucotricha, which affected the lowest
number of plant parts on watermelon (Table 4.4). On tomato, P. foliicola caused symptoms on
significantly more plant parts than all other isolates, except A. verrucaria and isolate 92 of G.
humicola, which did not differ from any other isolate.
There was a significant host-by-isolate interaction for disease severity (P < 0.0001) and
there were significant differences among isolates for all three hosts. On cowpea, symptoms caused
by A. verrucaria were significantly more severe than those caused by all other isolates, with the
exception of isolate 92 of G. humicola and P. foliicola, which grouped together. Isolate 29 of G.
humicola caused symptoms significantly less severe than those caused by any other isolate except
P. humicola. The most severe symptoms on tomato were caused by P. foliicola and were
significantly more severe than those caused by all other isolates except A. verrucaria. Symptoms
caused by both isolates of G. humicola were significantly less severe than symptoms caused by all
other isolates, but the severity of symptoms caused by isolate 92 of G. humicola was statistically
equal to that caused by P. humicola and X. leucotricha. On watermelon, the highest disease
severity was caused by X. leucotricha. It was significantly higher than the disease severity caused
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by all other isolates except G. humicola isolate 92 and P. foliicola. Symptoms caused by A.
verrucaria were the least severe and significantly different from those caused by all other isolates
with the exception of G. humicola isolate 29.

Discussion

In this study we identified and characterized the morphology and pathogenicity of
Stachybotriaceae species associated with leaf lesions of cucurbits, especially watermelon. Previous
identifications of members of this family of fungi were based mainly on the use of morphological
characteristics, ITS sequences, or a combination of the two. The large genetic variability within
Stachybotriaceae and abundance of shared morphological characteristics, however, have shown
identification methods based only morphology or the ITS region alone to be inadequate for this
group of fungi (Tulloch 1972; Nag Raj 1993, 1995; Crous et al. 2014; Lombard et al. 2016). Here
we identified six species, A. verrucaria, G. humicola, P. foliicola, P. humicola, X. tongaense and
X. leucotricha, isolated from watermelon and two other cucurbits and confirmed the pathogenicity
of all species, except X. tongaense on cowpea, tomato, and watermelon. To the best of our
knowledge, this is the first reliable report of pathogenicity of any of these five species of
Stachybotriaceae on these three vegetable crops. A. verrucaria was reported on watermelon in
India, but the identification was based solely on morphology and is therefore questionable (Bharath
et al. 2006). Like the majority of cultures used by Lombard et al. (2016), all reference cultures of
the species identified in this study were recovered from soil or air, except reference cultures of A.
verrucaria and X. tongaense isolated from various plant tissues. Pathogenicity on plants of any
kind has never been reported for G. humicola and the two species of Paramyrothecium found in
this study (Farr and Rossman 2018). Based on the present study, the previous ecological concept
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of myrothecium-like fungi as mostly soil-borne fungi with saprobic lifestyles deserves
reconsideration (Lombard et al. 2016). The species most frequently isolated from watermelon was
G. humicola followed by P. foliicola, which together made up more than 85% of the isolates we
identified. The other four species, A. verrucaria, P. humicola, X. leucotricha, and X. tongaense
occurred only at very low frequency.
Lombard et al. (2016) found RPB2, CAL, and TUB2 to provide the best statistical support
in resolving genera and species in Stachybotriaceae. In addition to the three gene regions
previously identified as best suited to resolve genera and underlying species in Stachybotriaceae,
we used the standard fungal barcode region ITS to identify the species in our collection (Schoch
et al. 2012). Nonetheless, there were three isolates that could be identified only as members of the
genus Paramyrothecium but did not cluster with any species described by Lombard et al. (2016)
in analyses of the combined dataset or any of the individual gene regions. This result highlights
the difficulty of identifying species in Stachybotriaceae. It is possible that the use of additional
gene regions could resolve the three isolates in Paramyrothecium to species level. Lombard et al.
(2016), however, reported that 28S large subunit rDNA (LSU) failed to resolve most species within
myrothecium-like genera and excluded translation elongation factor 1-alpha (TEF1) because it
produced conflicting results. With 12 species, Paramyrothecium is the most speciose
myrothecium-like genus in Stachybotriaceae. Considering its high level of genetic variability, it is
conceivable that our three unresolved isolates belong to a new species not described previously.
Analyses of individual gene regions (data not shown) showed that partial gene sequences of the
TUB2 gene region followed by RPB2 provided the best resolution of genera and species with the
highest statistical support. The ITS gene region yielded the least resolution combined with only
low statistical support. Species within several genera, e.g. Albifimbria, Paramyrothecium, and
Xepicula, could not be resolved with the ITS gene region alone. Lombard et al. (2016) reported
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very similar findings. Therefore, future studies and disease reports on fungal pathogens in
Stachybotriaceae should include sequence information of at least one other gene region in addition
to ITS, and sequences should be compared with reference sequences from Lombard et al. (2016)
and this study.
Interestingly, none of our isolates were identified as Paramyrothecium roridum, the species
widely considered to be the only causal agent of crater rot and Myrothecium leaf spot on cucurbits
(Bruton and Fish 2012, 2017; Seebold et al. 2005). Our study suggests these claims to be false and
we offer several explanations. First, prior to the study by Lombard et al. (2016), which rearranged
Stachybotriaceae, there was a lack of knowledge about the immense genetic diversity and species
abundance in this family, despite a 2008 study based on ITS that showed the genus Myrothecium
was paraphyletic (Decock et al. 2008). Second, identification of pathogens based solely on
morphology was widespread until the late 2000s and to this day is mainly based on the ITS region
alone (Hibbett et al. 2007, Hyde et al. 2010, Raja et al 2017). Although ITS is a useful tool for
quick and general taxonomic classifications, there are many examples of species-rich genera with
narrow or no barcode gaps, which show that ITS is unreliable and insufficient for identification to
species level (Raja et al. 2017). Third, although Lombard et al. (2016) identified several distinct
phenotypic characteristics they found suitable to distinguish myrothecium-like fungal genera,
morphological features appear unreliable for differentiation of genera in this group of fungi. The
characteristics of many genera described by Lombard et al. (2016) are based merely on one or two
isolates, e.g. Gregatothecium, Neomyrothecium and Xenomyrothecium, and many phenotypic
characters are shared among them.
The present study revealed that six myrothecium-like species of Stachybotriaceae cause
foliar diseases of watermelon and substantial genetic variability within these species. In addition,
this is the first study to report within-field genetic diversity of Stachybotriaceae at scales as small
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as the individual leaf. The majority of G. humicola and P. foliicola isolates appeared to be clonal,
based on sequence data of the four gene regions used in this study. We also found only a low
nucleotide diversity, which is expected for organisms that reproduce asexually (de Jonge et al.
2013). However, it is likely that the use of more detailed polymorphic sequence data, such as
produced by microsatellite markers, would have revealed a higher nucleotide diversity (Selkoe and
Toonen 2006). Nonetheless, we found several genetic differences between adjacent sampling
points, within the same sampling points, and even on individual leaves. The distribution of the
different haplotypes we found clearly demonstrated that isolates collected from the same sampling
point or from the same leaf are not necessarily clonal. Brewer et al. (2015) used microsatellite
markers to characterize the fine-scale genetic structure of Stagonosporopsis citrulli, a causal agent
of gummy stem blight of cucurbits, and found that each of two sampled fields contained distinct
dominant clones combined with a high number of genotypes and genotypic diversity. Using a
similar approach could further elucidate the full scale of genetic diversity of Stachybotriaceae in
cucurbit fields in the southeastern United States.
For other pathogens it has been shown that the high frequency of individual clones can be
due to fitness advantages and founding events in which certain genotypes establish themselves by
chance early in the season (Bardin et al. 2014, Maciel et al. 2014, Li and Brewer 2016). Based on
the pathogenicity of the isolates tested in this study, it appears likely that the former of these two
explanations applies here, but further research is needed to establish the background for differences
in pathogenicity among Stachybotriaceae. No sexual morphs have been reported from the species
found in this study (Lombard et al. 2016). In light of the lack of sexual recombination, the fine
scale genetic differences we detected seem striking, as it still remains unknown how asexually
propagating fungi achieve genetic recombination in order to adapt to their environment (de Jonge
et al. 2013).
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In a previous study we estimated the effect of crop rotation on the probability of pathogen
occurrence on a watermelon crop in the subsequent growing season (Rennberger et al. 2019). In
fall 2016, it was more likely for Myrothecium s.l. to occur in fields previously cropped to tomato
than in fields cropped to cucurbits or fallowed prior to the sampling season. The present study
confirmed that tomato is a highly susceptible host for this group of pathogens, and it tended to be
even more susceptible than watermelon. This finding explains the increased probability of
occurrence for Stachybotriaceae following a tomato crop. All four fields sampled in September
2017 in Beaufort County, from which we collected the majority of the isolates used in this study,
were cropped to tomato in both spring 2017 and spring 2016. Based on our findings of high
susceptibility of tomato to this group of pathogens, it appears likely that the crop rotation rich in
tomato and watermelon in Beaufort County led to an increase of Stachybotriaceae in the
watermelon fields we sampled in September 2017. Bruton and Fish (2012) reported a history of
more than 15 years of continuous cucurbit production in a field in Oklahoma as a major reason for
an outbreak of Myrothecium leaf spot. Under humid conditions in areas with previous reports of
the disease, we recommend avoiding crop rotations that include both cucurbits and solanaceous
crops. In addition, Corynespora cassiicola, another pathogen shared by watermelon and tomato,
was found frequently in the fields sampled in September 2017, which is another indication for a
strong effect of crop rotation on the occurrence of foliar pathogens of watermelon (Rennberger et
al. 2018, 2019).
P. foliicola and G. humicola were consistently among the most virulent species in our
pathogenicity tests. The higher virulence of these two species could be a reason for their
predominance among the isolates collected for this study. The species that were found only at low
frequencies, A. verrucaria, P. humicola, and X. leucotricha, were generally less virulent on
watermelon, which could explain their low occurrence in the fields we sampled. However, the
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pathogenicity tests also revealed variability of virulence between the two isolates of G. humicola
that were included. In greenhouse pathogenicity tests in Texas, Carter (1980) also reported
significant differences in virulence among 15 isolates obtained from symptomatic watermelon
fruits, leaves, and stems. In systems where infections are frequent, and a host is shared by
nonrelated parasites, virulence is expected to increase, because pathogens able to exploit host
resources at a higher rate outcompete less virulent pathogens (Van Baalen and Sabelis 1995;
Lopéz-Villavicencio et al. 2007). Moreover, for the pathosystem of anther smut on white campion
(Silene latifolia) caused by Microbotryum violaceum, which is an important model for the study
of host-parasite evolution, it was shown that the pathogen actively excludes dissimilar genotypes,
while more closely related ones are tolerated (Lopéz-Villavicencio et al. 2007). These factors
might play a role in the prevalence of G. humicola and P. foliicola in watermelon fields in South
Carolina.
Up to five different fungicide active ingredients with Fungicide Resistance Action
Committee Codes M, 1, 3, 7, 9, 11 and 12 were applied within 1 week of sampling to watermelon
fields in September 2016 and 2017 (data not shown). This suggests no clear effect of the applied
fungicides in controlling the species of Stachybotriaceae found in the sampled fields. Further
studies are needed to determine fungicides with high efficacy against this group of pathogens as
well as to discover potential differential fungicide sensitivities among the different species and
isolates. Carter (1980) found that a mixture of benomyl and zinc ion-maneb effectively controlled
leaf lesions and stem cankers caused by Myrothecium s.l. but did not find an effect of time of
fungicide application on disease incidence. He presumed that primary infections occurred before
the first bloom, because a single fungicide application at flower onset was sufficient to control the
disease (Carter 1980). It is interesting to note that mancozeb was applied to two fields 2 weeks
prior to sampling in 2017, but no mancozeb was used within 1 week of sampling because the
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occurrence of species of Stachybotriaceae was not affected by the application of mancozeb in the
sampled fields.
Due to the lack of a common name for foliar symptoms of diseases caused by any members
of Stachybotriaceae we found in this study, we propose the common name ”ink spot” for the foliar
phase of diseases caused by this group of pathogens. This name is descriptive, likely to be accepted
by growers, and would facilitate monitoring, reporting, and discussing foliar diseases caused by
any species within Stachybotriaceae. This study is the first report of pathogenicity of A. verrucaria,
G. humicola, P. foliicola, P. humicola, X. leucotricha on cowpea, tomato, and watermelon. Ink
spot diseases of cucurbits and solanaceous crops caused by these species appear to be increasing
in frequency in South Carolina and should be monitored in the future, especially in crops grown
under humid fall conditions. Further research is needed to establish suitable management practices.
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Table 4.1. Number of isolates per species of Stachybotriaceae recovered from cucurbits in South Carolina 2015 to 2018
Beaufort
Month,
Species
year
A1a A2 B1 B2 B3
Albifimbria verrucaria
Sep-17
1
2
0
0
0
Gregatothecium humicola
Sep-17 27
1
3 20 0
Paramyrothecium foliicola
Jul-15
0
0
0
0
0
Sep-16
0
0
0
0
5
Oct-16
0
0
0
0
0
Sep-17
0
0
0 23 0
Paramyrothecium sp.
Jun-16
0
0
0
0
0
Paramyrothecium humicola
Jun-16
0
0
0
0
0
May-17
0
0
0
0
0
Xepicula leucotricha
Jun-16
0
0
0
0
0
Sep-16
0
0
0
0
1
Oct-16
0
0
0
0
0
May-18
0
0
0
0
0
Xenomyrothecium tongaense
Sep-17
1
0
0
0
0
Total
29
3
3 43 6
a
A1-D3 designate different fields in the same county.

Bamberg
C1
0
0
0
0
0
0
1
0
0
0
0
0
0
0
1

Colleton

C2 Barnwell Charleston D1 D2 D3
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
1
0
0
0
0
1
0
b
0
0
1
0
0
0
0
0
0
0
2
0
0
0
0
0
0
0
c
0
0
1
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
1
1
2
1
4
1

b

Isolate was recovered from a symptomatic cucumber (Cucumis sativus) leaf in a research plot in Charleston, SC.

c

Isolate was recovered from a symptomatic leaf of Sicana odorifera in a research plot in Charleston, SC. All other isolates were

recovered from watermelon.
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Total
3
51
1
5
1
23
3
1
1
2
1
1
1
1
95

Table 4.2. Genetic diversity of five species of Stachybotriaceae

Species
Albifimbria verrucaria

na
3

Locus
CAL
ITS
TUB2
RPB2
51
Gregatothecium humicola
CAL
ITS
TUB2
RPB2
30
Paramyrothecium foliicola
CAL
ITS
TUB2
RPB2
2
Paramyrothecium humicola
CAL
ITS
TUB2
RPB2
5
Xepicula leucotricha
CAL
ITS
TUB2
RPB2
a
Number of isolates identified per species.
b

Polymorphic
Sites
1
0
1
6
12
0
45
3
5
0
0
8
12
0
0
7
64
8
27
59

Haplotypes
2
1
2
2
3
1
3
2
2
1
1
4
2
1
1
2
4
3
3
4

Nucleotide Haplotype
diversity
diversity
b
(h)c
(π)
0.00101
0.667
0.00000
0.000
0.00207
0.667
0.00445
0.667
0.00071
0.078
0.00000
0.000
0.00591
0.078
0.00014
0.039
0.00097
0.129
0.00000
0.000
0.00000
0.000
0.00061
0.193
0.01815
1.000
0.00000
0.000
0.00000
0.000
0.00784
1.000
0.03979
0.906
0.00686
0.700
0.03529
0.700
0.02592
0.900

The nucleotide diversity π was computed in DnaSP (v.5) and is defined as π = k/m, where m is

the total number of nucleotide positions (including monomorphic positions, but excluding
positions with alignment gaps) and k is defined as the mean number of nucleotide differences:
! =

$
%(%'()

∑,.- +,- where n is the number of sequences and dij is the number of nucleotide

differences between sequences i and j (Rozas 2009).
c

h was computed in DnaSP (v.5) and is defined as the probability that two randomly chosen

sequences are different: ℎ =

%
%'(

01 − ∑4,5( 3,$ 6 where n is the number of sequences, h is the

number of haplotypes and pi is the relative frequency of haplotype i (Rozas 2009).
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Table 4.3. Differences in average susceptibility among three host plant species inoculated with
five species of Stachybotriaceaez
Number diseased
Incidence
plant parts
y
Host
mean
SE
mean
SE
Cowpea
0.109 b 0.065
0.241 c 0.101
Tomato
0.604 a 0.154
1.805 a 0.657
Watermelon 0.541 a 0.161
1.292 b 0.476
y Standard error of least squares means calculated in SAS PROC GLIMMIX.
z

Mean separation is based on differences of least squares means (P < 0.0001).
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Table 4.4. Pathogenicity and virulence measurements of six isolates representing five species of Stachybotriaceae compared within
hostx
Incidence
Isolat
e
Species
94
Albifimbria verrucaria
29
Gregatothecium humicola
92
Gregatothecium humicola
77
Paramyrothecium foliicola
4
Paramyrothecium humicola
2
Xepicula leucotricha
Tomato
94
Albifimbria verrucaria
29
Gregatothecium humicola
92
Gregatothecium humicola
77
Paramyrothecium foliicola
4
Paramyrothecium humicola
2
Xepicula leucotricha
Watermelon
94
Albifimbria verrucaria
29
Gregatothecium humicola
92
Gregatothecium humicola
77
Paramyrothecium foliicola
4
Paramyrothecium humicola
2
Xepicula leucotricha
x
Means were calculated across four experiments.
Host
Cowpea

y

meany
0.121 a
0.037 a
0.073 a
0.111 a
0.053 a
0.053 a
0.629 A
0.485 A
0.647 A
0.723 A
0.485 A
0.583 A
0.264 y
0.516 xy
0.667 x
0.675 x
0.668 x
0.332 y

SEz
0.147
0.052
0.095
0.138
0.072
0.072
0.129
0.136
0.125
0.113
0.136
0.132
0.188
0.244
0.218
0.215
0.218
0.217

Lesions per plant
mean
0.445 abc
0.064 d
0.775 a
0.508 ab
0.191 cd
0.254 bcd
5.348 B
2.718 D
3.746 C
7.331 A
3.966 C
3.981 C
2.721 y
2.768 y
5.518 x
5.824 x
3.386 y
1.454 z

SE
0.516
0.083
0.891
0.589
0.227
0.300
4.940
2.519
3.466
6.767
3.669
3.682
1.054
1.087
2.070
2.173
1.303
0.622

Parts per plant
mean
0.339 a
0.073 a
0.267 a
0.314 a
0.194 a
0.145 a
1.840 AB
1.184 B
1.537 AB
2.318 A
1.210 B
1.361 B
1.152 yz
1.300 xyz
1.907 xy
2.271 x
1.765 xy
0.802 z

SE
0.274
0.789
0.222
0.258
0.169
0.134
1.037
0.683
0.874
1.295
0.697
0.778
0.369
0.426
0.552
0.623
0.520
0.319

Severity
mean
0.481 a
0.073 d
0.281 ab
0.366 ab
0.127 cd
0.200 bc
3.9413 AB
1.8645 D
2.3951 CD
4.3657 A
2.6831 C
3.213 BC
1.5909 z
2.1823 yz
2.6037 xy
2.6119 xy
2.2605 y
3.2056 x

Mean separation is based on differences of least squares means (P ≤ 0.05). Means with the same letter are not significantly different.
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SE
0.569
0.092
0.334
0.435
0.154
0.241
2.127
1.021
1.304
2.353
1.457
1.739
1.251
1.713
2.038
2.043
1.773
2.511

z

Standard error of least squares means calculated in SAS PROC GLIMMIX.
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Fig. 4.1. Culture appearance of six species of Stachybotriaceae recovered from watermelon in
commercial fields in South Carolina. A, Albifimbria verrucaria. B, Gregatothecium humicola. C,
Paramyrothecium foliicola. D, Paramyrothecium humicola. E, Xenomyrothecium tongaense. F,
Xepicula leucotricha
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Alfaria

Fig. 4.2. Multi-locus consensus tree based on the combined sequence alignment of CAL, ITS,
TUB2 and RPB2. The tree was computed with Bayesian inference. Isolates collected for this study
are named ‘MU1-MU95’. The complete data set of myrothecium-like fungi from Lombard et al.
(2016) was included as a reference. Isolates from this study and the references they group with are
highlighted in orange. Branches with posterior probabilities of 1.0 are in red; branches with
posterior probabilities of ≥0.95 are in blue. The scale bar indicates 0.1 expected changes per site.
The tree is rooted in Fusarium sambucinum (CBS146.95).
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CHAPTER FIVE

CONCLUSION

The studies underlying the chapters of this dissertation cover a wide range of phytopathological
issues with foliar pathogens on cucurbits. The main focus was on Stagonosporopsis spp. and
Stachybotriaceae on watermelon in South Carolina.
Fourteen species of cucurbits of unknown susceptibility to gummy stem blight (GSB)
caused by Stagonosporopsis spp. were evaluated in three experiments for their susceptibility to S.
citrulli, the predominant species of GSB pathogens, and the ability of the pathogen to reproduce
on crown cankers. The species represented 12 genera, five taxonomic tribes and five geographic
origins. In all experiments, Apodanthera sagittifolia, Ecballium elaterium and Kedrostis leloja
were at least as susceptible to foliar blight as the reference C. melo. Kedrostis leloja was as
susceptible to crown cankers as C. melo in all experiments and Apodanthera sagittifolia and
Ecballium elaterium were among the species most susceptible to crown cankers in two
experiments. Coccinia grandis was highly resistant to GSB and had a few cankers only in fall
2016. Sicana odorifera and Zehneria pallidinervia also consistently grouped with the most
resistant species. Incidence of crown cankers on C. melo and K. leloja increased at the fastest rate
of all species in all experiments and had, along with E. elaterium, the highest incidence of crowns
with fruiting bodies. In general, the most susceptible species also were most suitable for
reproduction of the pathogen and had the fastest disease progression. The tribes Benincaseae and
Cucurbiteae had consistently lower levels of foliar blight than Bryonieae and Coniandreae. The
species originating from Europe, E. elaterium was consistently most susceptible to both symptoms,
while African species grouped with the least susceptible species in all experiments. C. grandis was
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the only species that was consistently resistant to both the foliar blight and crown canker phases
of GSB. The study is the first report of susceptibility to GSB of 14 species and the first report of
susceptibility of the cucurbit tribes Coniandreae and Gomphogyneae. This expands the host range
of S. citrulli to 37 species representing 21 genera and eight tribes in the family Cucurbitaceae.
The finding of susceptibility of the tested species could have future applications in
resistance breeding and management of GSB on cucurbit crops. In North America the native C.
digitata, M. scabra and the introduced E. elaterium could be reservoirs of initial inoculum due to
their high levels of susceptibility. Managing weedy individuals of these species around field edges
could help to control GSB. C. grandis and Z. pallidinervia, the two most resistant species found
in the study could be utilized to identify new quantitative trait loci (QTLs) associated with GSB
resistance of cucurbits. C. grandis and S. odorifera were resistant to both the canker and foliar
blight phases of GSB and could potentially be used as GSB-resistant rootstocks for grafting of
cucurbit crops. The study also demonstrated the importance of crown cankers as reproductive sites
for S. citrulli.
Chapters two and three are based on a survey of foliar pathogens of watermelon in South
Carolina that was conducted in four growing seasons from spring 2015 to fall 2017. Surveyspecific statistical procedures were employed to obtain estimates for the statewide probability of
pathogen occurrence on symptomatic leaves and associations between pathogen pairs. Logistic
regression specifically for survey data was used to analyze the influence of environmental and
management factors on the occurrence of foliar pathogens of watermelon. Six fungal pathogens,
Stagonosporopsis spp., Podosphaera xanthii, Cercospora citrullina, Colletotrichum orbiculare,
Myrothecium sensu lato (s.l.), and Corynespora cassiicola; the oomycete Pseudoperonospora
cubensis; and three viral pathogens were identified on the examined leaves. With the exception of
fall 2017 Stagonosporopsis spp. was the most prevalent pathogen in every season followed by P.
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xanthii. The high occurrence of P. xanthii, especially in the more humid fall seasons was somewhat
unexpected but an important observation for future management recommendations. Myrothecium
s.l. was the most common pathogen in fall 2017 and the second most common pathogen occurring
by itself in fall 2016. The third most common pathogen in fall 2017, Corynespora cassiicola did
not occur in any other season. Eight of 80 isolates of Stagonosporopsis spp. were identified as S.
caricae, the rest as S. citrulli. The changes of occurrence of Stagonosporopsis spp. and P. xanthii
revealed a clear influence of environmental conditions prevailing during sampling on the
prevalence of the pathogens. A total of three positive and five negative associations were found
between pathogen pairs co-occurring on the same leaf. Based on estimates of probability of
pathogen occurrence across seasons, Stagonosporopsis spp. and P. xanthii are by far the most
common pathogens on watermelons in South Carolina. Disease management strategies for
watermelon in South Carolina should therefore have an emphasis on these two pathogens. Among
the factors we analyzed, there was a consistent increased probability of occurrence of
Stagonosporopsis spp. in fields with a previous cucurbit crop, increasing probabilities of pathogen
occurrence with increasing plant age, a lower probability of occurrence of some pathogens on
triploid cultivars compared to diploid cultivars, and a decrease in probability of pathogen
occurrence in fields aligned towards southwest or west. Application of fungicides significantly
reduced the probability of observing C. citrullina, P. cubensis and Stagonosporopsis spp. in 2015
and P. xanthii in spring 2016. While there were a few consistencies in the occurrence of pathogens
by county, like low occurrence of P. xanthii in both seasons in Clarendon County, overall the
occurrence fluctuated greatly among counties between the two seasons. This indicates that while
the location of a watermelon field can influence the spectrum and quantity of pathogens found in
the field, geographic location alone is not sufficient to predict the occurrence of pathogens. This
study emphasizes the importance of crop rotation and fungicide applications to manage foliar
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diseases of watermelon, particularly GSB, powdery mildew, and downy mildew. Crop age, cultivar
type, and field alignment also were found to significantly influence the probability of pathogen
occurrence. The study is the first report of C. cassiicola, S. caricae, and Myrothecium s.l. on
watermelon in South Carolina and the first study examining the influence of various factors on
foliar pathogens of watermelon with data collected from commercial fields.
Due to the collection and utilization of extensive data obtained from commercial fields,
field surveys with an appropriate underlying design have the potential to unravel new and emerging
diseases and improve management practices for many other crops as well. The survey on which
chapters two and three are based can be used as a reference for future survey studies on different
crops. In future studies however, it would be preferable to maximize the number of sampled fields
by reducing the number of leaves collected per field. This would improve estimates of pathogen
occurrence without losing accuracy on the field level. Different sampling schemes within
individual fields could provide additional information about the spatial aggregation of pathogens,
the mode of dispersal of pathogens, small scale distribution of pathogens and the genetic structure
of field populations of pathogens. By estimating the proportion of symptomatic leaves in each
field, estimates for pathogen occurrence on all watermelon leaves in South Carolina could be
obtained.
The study described in chapter four was conducted due to the repeated high occurrence of
Myrothecium s.l. in commercial watermelon fields in South Carolina as described in chapter two,
the severity of the symptoms caused by it, and the necessity of correctly identifying the species
causing Myrothecium leaf spot of watermelon in South Carolina. Sequence data from four partial
gene regions was used to conduct Bayesian inference in order to identify 95 isolates of
Stachybotriaceae. The isolates were collected in 11 commercial fields in South Carolina and 2
research plots in Charleston between July 2015 and May 2018. Six species, A. verrucaria, G.
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humicola, P. foliicola, P. humicola, X. tongaense and X. leucotricha, isolated from watermelon
and two other cucurbits were identified and the pathogenicity of these species, except X. tongaense,
on cowpea, tomato, and watermelon was confirmed. The study confirmed that identification of
species in Stachybotriaceae based on ITS alone does not provide sufficient resolution and
statistical support. Future studies should therefore include sequence information of at least one
other gene region in addition to ITS e.g. TUB2 or RPB2, and sequences should be compared with
reference sequences published previously (Lombard et al., 2016, Persoonia 36:156) or with
sequences from the study described in chapter four. This study constitutes the first reliable report
of pathogenicity of any of the five tested species of Stachybotriaceae on these three vegetable
crops. Pathogenicity on plants of any kind has never been reported for G. humicola and the two
species of Paramyrothecium, P. foliicola and P. humicola. Contrary to the previous ecological
concept of myrothecium-like fungi as mostly soil-borne fungi with saprobic lifestyles, the study
indicates a need to reconsider that concept. G. humicola followed by P. foliicola were the
predominant species found in the study, while the other four species, A. verrucaria, P. humicola,
X. leucotricha, and X. tongaense occurred only at very low levels. An important finding was also
that none of the isolates were identified as Paramyrothecium roridum, the species widely
considered to be the only causal agent of crater rot and Myrothecium leaf spot on cucurbits. The
study not only revealed that at least six myrothecium-like species of Stachybotriaceae cause foliar
diseases of watermelon but also substantial genetic variability within these species. The majority
of G. humicola and P. foliicola isolates appeared to be clonal, based on sequence data of the four
gene regions used in this study. Nonetheless, there were several genetic differences between
adjacent sampling points, within the same sampling points, and even on individual leaves, which
demonstrates that not all isolates are clonal. These fine scale genetic differences seem striking, as
it still remains unknown how asexually propagating fungi like myrothecium-like members of
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Stachybotriaceae achieve genetic recombination. The finding that tomato is a highly susceptible
host for this group of pathogens explains the increased probability of occurrence for
Stachybotriaceae on watermelon following a tomato crop, which was found in the study described
in chapter three. Therefore, crop rotations that include both cucurbits and solanaceous crops are to
be avoided under humid conditions in areas with previous reports of the disease. In the publication
accompanying chapter four the common name ”ink spot” for the foliar phase of diseases caused
by this group of pathogens is proposed. The proposed name is descriptive and likely to be accepted
by growers.
Ink spot diseases of cucurbits and solanaceous crops caused by these species appear to be
increasing in frequency in South Carolina. A wide variety of fungicide active ingredients was
applied to watermelon fields within 1 week of sampling in September 2016 and 2017. This
suggests no clear effect of the applied fungicides in controlling the species of Stachybotriaceae
found in the sampled fields. Further studies are needed to determine fungicides with high efficacy
against this group of pathogens as well as to discover potential differential fungicide sensitivities
among the different species and isolates. In addition, it would be interesting to test isolates of the
species identified in this study for their ability to cause crater rot symptoms on fruits of cantaloupe
and watermelon and determine whether they differ in their ability to cause those symptoms. The
mode of overwintering for fungi in this group remains unknown and needs further research as this
information is essential for the development of management strategies. The sequence data
generated in this study could be used to develop primers for polymerase chain reaction in order to
quickly identify the species found in this study. The difficulty of identifying species in
Stachybotriaceae is highlighted by the result that three isolates that clustered in the genus
Paramyrothecium, could not be identified to species level. It is possible that the use of additional
gene regions could resolve the three isolates in Paramyrothecium to species level. Especially in
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humid fall seasons, watermelon and tomato crops should be monitored for ink spot because it
appears capable of developing into an emerging disease problem of these crops with potentially
severe losses.
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